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SUMMARY

A design and development program was conducted in an attempt to ad-

vance the state-of-the-art of solid-propellant rocket motor technology beyond

its status at the time of contract in August 196l. The primary program objec-

tive was the design of a 36-inch-diameter spherical motor having a higher pro-

pellant specific impulse and a higher propellant mass fraction than that of any

existing rocket motor. The prototype motor design was to incorporate a propel-

lant formulation and component design concepts which had been successfully tested

during the course of the program. Final static firing evaluation was to be con-

ducted in 17-inch-diameter subscale motors.

The use of hydrazine nitroform (HNF) in a beryllium-containing,

plasticized nitrocellulose binder was investigated as a means of meeting the re-

quirement for a propellant significantly higher in performance than available

state-of-the-art propellants. The thermodynamic specific-lmpulse values at

standard conditions of such formulations are in the vicinity of 288 to 290

lb-secllb.

The chemistry of IINF with respect to other propellant ingredients was

intensively studied. It was found that the, presence of ferric oxide and moisture

in HNF results in a catalytic oxidation in which both NO and N20as impurities

are evolved. Elimination of the impurities greatly improves thermal stability.

The presence of trace quantities of moist,re in propellant formulation results

in hydrolysis of ester-type plusticizers (e.g., triacetin), which, in turn, re-

suits in degradation of IINF. It was therefore necessary to eliminate or reduce

the con_amtration of such plasticizers in the formulation. The stability of

trimethylolethane trinitrate (TMETN)-plasticized formulations was satisfactory.

It was found that the as-received needle-shaped HNF could be ultra-

sonically recrystalllzed to obtain symmetrical particles. This advance re-

sulted in higher solids loadlngs, improved processi_ characteristics, lower

burning rate, and lower pressure exponent.

q
q _.,'_¢1b [_'Z-:)a.
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Burning rates and pressure exponents were measured in a strand burner

for many formulations. The design of the 17-inch subscale motor required a burn-

ing rate of 0.23 in/sac and a pressure exponent less than 0.5 at a pressure of

700 psia. These parameters were achieved in formulations containing ester-type

plasticizers (which had to be rejected because of stability considerations),

but could not be achieved in the stable TMETN-plasticized formulations.

Zn an effort to obtain a propellant which would have satisfactory

burning rates and pressure exponents for the 17-inch motor design, attention

was directed to a TMETN_plasticized polyurethane binder containing beryllium

and HNF. The thermodynamic specific impulse values at standard conditions of

such formulations are in the vicinity of 293 Ib-sec/Ib. In a JPL X-535 poly-

urethane binder, the polypropylene glycol dissolves some of the HNF which in

turn reacts with toluene diisocyanate (TDI). To overcome this obstacle, a non-

glycol prepolymer based on castor oil and TDI was used. To improve process-

ability as well as performance, TMETN was added to the system. Two test motors

were satisfactorily loaded with the resulting formulation, but both motors

failed in static firing because of an excessively high pressure exponent. Re-

placing half of the HNF with a_m_nium perchlorate reduced the pressure exponent

to 0.55 and the thermodynamic specific impulse at standard conditions to 287

Ib-sec/Ib. Two small test motors containing the aluminum analog of this propel-

lant were satisfactorily fabricated and fired. This promising work had to be

discontinued because of time and budgetary limitations.

A bery11Ium-containlng polyurethane propellant oxidized with ammonium

perchlorate was tailored for use in testing of the 17-inch subscale motor. The

theoretical specific _pulse values at standard conditions of such formulations

are in the vicinity of 283 Ib-sec/ib.

Froblems were encountered in obtaining reproducible cures with the

berylllum-polyuretlmne propellants. The cause of these difficulties was found

to be assocLated wlth the beryllium powder. The curing problm, was resolved by

Jud£cLouJ spec£flcstion of the bery111um powder snd by formulating and proc-

*est..S techn/4ues.

/@
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A small-scale static firing program was conducted to optimize the

propellant performance. Forty-two firings were conducted at both sea-level and

simulated-altitude conditions in standard Rohm and Haas 6CII.4 test motors con-

taining a nominal I0 pounds of propellant. Specific impulse efflciencies ob-

tained from the simulated-altitude firings were found to be significantly lower

than those obtained from sea-level firings. These differences in efficiencies

were attributed to losses from super-cooling of the metal oxide during the ex-

pansion process at the higher nozzle expansion ratios utilized in the simulated

altitude firings. One of the propellants investigated in this program, Arcane 38,

was static.,fired at a higher thrust level in a subsequent program (Contract AF

04(611)-8180) giving a delivered specific impulse (at standard conditions and a

15-degree cone angle) of 260 Ib-sec/ib.

A spherical grain was designed for the 36-inch-diameter motor to af-

ford the maximum attainable loading density compatible with a nearly constant

burning surface. Scaling of grain dimensions for the 17-inch motor gave a web

of 5.11 inches and a burning time of 21.7 seconds. Minor dimensional adjust-

ments were subsequently effected to counteract regressive burning characteris-

tics exhibited in the subscale motor firings.

Two types of 17-inch-diameter subscale motors were designed for static

firing tests: a heavy-walled steel motor and a titaniu_umotor of flightweight

wall thickness. The steel case was fabricated from AISI 4130 steel and had a

wall thickness of 0.075 inch; the titanium case consisted of 6AL-4V titanium

alloy and had a wall thickness of 0.030 inch. Six steel and seven titanium

cases were fabricated. All of the heavy-wailed steel motors were statically

fired; the firing of titanium units was prohibited by the depletion of con-

tractual fund allocations. The titanium case was determined to be of adequate

etrensth in a hydrostatic pressure test of 1,150 pei$, conducted at the Wyle

Laboratories, E1 Sesundo, California. Based of the results of this test, a

min/aus-weisht, 36-inch-dimter titanium spherical motor case was designed in

accordance with the stress criteria specified by the Jet PropuleionLaboratory.

//
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An ubestos-phenolic nozzle vith a graphite haSsle-throat insert was
J

designed to b_ conpletely submersed within the subscale motor case. In the

initial desisn, the nozsle was to be retained by attachments fastened to the

motor case by means of the studs in the case flanse. Subsequent tensile £sil-

ures in the 17-inch motor firing program and in hydrostatic pressure tests, boy-

ever, shoved this design to be unsuitable. The subscale nozzle was therefore

redesigned to incorporate a heavy steel retaining ring in place of the integral

£1arq_e on the' asbestos-phenolic cone. The nozzle for the full-scale, 36-inch

spherical motor was designed to have an optimum contour and to include a d££-

£user section affording a greater nos'le expansion ratio. After the redesign

of the subscale nozzle, the nozzle for the 36-1nch motor was modified to in-

corporate a titanium retention flange as part of the di££user section rather

than as an integral part of the submersed nozzle cone.

The igniter designed for test in the subscale motor £irings was to-

roldal in shape and constructed from a nylon tube contalnin_ two U.S. Flare

908B squibs and I0 to 15 grams Of U.S. Flare 2D ignition pellets. This igni-

tion system, however, gave excessive ignition delays. The developmen_ of an

integral noazle closure and igniter to correct this problem was initiated but

not completed because of the depletion of funds.

Of the six heavy-walled subscale motors fired during the program,

three were loaded wfth beryllium-containlng propellants of the Arcane 40

series and three with Arcane 42 propellant, the aluminum analog of Arcane 40.

Two of the shale s propellant firings were successful; one _otor burned for 22

seconds and the other for 18.7 seconds. Three of the four remainin 8 motors

£ailed because of no_sle expulsion problms; the fourth malfunctioned on igni-

tion as the regul_ of an explosive atmosphere created by a 20-second hanS-fire

situation.

The propellant moss £raction of the final prototype 36-inch spherical

motor essmsbly design was calculated to be 0.922. A weight r ad_ction in nozzle

components urns considered to be 8 feasible approach to achieving a h_shar ratio.

iv
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INTRODUCTION

This report covers the work accomplished by the Atlantlc Research

Corporation in the development of an advanced state-of-the-art high-performance

solid-propellant rocket motor for the Jet Propulsion Laboratory of the Califor-

nia Institute of Technology. The general approach was to develop • high-

performance propellant formulation and to demonstrate the motor design in •

series of 17-inch-dlmaeter subscale motor firings. The program, authorised

under JPL contract 950097, was initi•ted on the 3rd of August, 1961 and was

terminated on the 22nd of August 1962.

The major portion of the effort was devoted to the investigation of

a hlgh-energy hydrazlne nltroform (HNF)-beryllium propellant system. Major

problems were encountered with th_s system which required an extensive labora-

tory effort in •n attempt to establish its feasibility. Late in the program,

after it was established that the HNF-berylltum system was not feasible for this

motor application, the propellant development effort was directed to the tailor-

ing of • polyurethane-ammonium perchlorate-beryllium system. This propellant,

Arcane 40, was characterized and its performance determined by firing lOpound

motors in the Atlantic Research simulated altitude facility. As a result of the

extended difficulties encountered during the propellant development phase of

the program only a small portion of the total effort was devoted towards hard-

ware development. A grain design affording a level pressure-tlme characteristic

was developed, and • 17-inch 6AL-4V titanium case was designed and tested

hydrostatically.

Although the initial program objective of demonstrating a high-

performance motor was not accomplished, some significant contributions were made

ia propellant technology. eo . r Ho

-1-
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le DEVELOPMENT

A HYDRAZINE

I.NTILOpUCTIOH AND SUltrY

AND EVALUATION OF

NITROFORM PROPELLANT

Hydr•zine nltroform (KNF) was used in •n effort to develop a hish-

speclflc-lmpulse propo11!nt meetin8 contractual performance requirements.

Thooretic•l c•Icul•tlons indic•ted that the use of HI_ in either double-base,

sinsle-b•se, or polyurethane-type binders with beryllium •s the fuel would re-

sult in specific Impulses in the region of 290 Ib-sec/lb under standard con-

ditions. In late 1961, howover, it bet•me evident that propellant develop-

ment work on HI_ was not procndln8 •s •ntlclp•ted. The motor duIsn required

• propoll•nt with • low prossure exponent and burning rats, but it was found

that these could not be achieved. At • conference •t thl Jet Propulsion Lab-

or•tory in November 1961, it was mutually •Steed to concentrate the motor

effort on polyurethane propellents while still •ttemptinS to bring the HNF

propoll•nt to • more fully dovelopsd st•to.

i

This section e_mmarisos the st•te-ogotho-•rt of hydr•Biue nitroform

and _ropoll•nts incorpor•tins hydr•siue nitroform (HNF) •s • result of work

dor_ under this contract. In this eff0rtp the chemistry of hydr•eine nitroform

W•e studied with relpect to nltrocell'ulose pleetlclsors, the components of

polyurethane b'ind•rs, •nd th• affects of f•rrlc oxide •rid moisture impurities.

The •s-received hydr•sine nitroform was ultr•sonicelly_rec_ystallind from parti-

cles with • lensth-to-diameter ratio of 10:1 to particle's with • lensth-to-

diameter ratio of 1:1. The more symnetric•l particles facilitated propellant

processing, solids loading, and improved strand ballistics. The sea-level

and altitude theoretical specific impulse and theoretical flame temperature

were calculated for a number of systems in which hydrazine nitroform was the

oxidizer and beryllium was the fuel, and hydrazine nitroform was successfully

incorporated into a double-base formulation plasticized with trimethylolethane

trinitrate (_ETN), a modified polyurethane formulation, and a THETN-plasticized

polyurethane formulation. Two 1/4-pound motors were fired using the TMETN-

plasticized polyurethane formulation.

-3-
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THE CHEMISTRY OF HYDRAZINE NITROFORM

The reaction of nitroformwlth bases has been studied in detail by
i 2

Hercules Powder Company and U. S. Rubber Company . Hercules described a

synthesis of hydrazine dlnltroform, but further investigation by the Naval

Propellant Plant 3 showed the product of this reaction had properties which

more closely resembled tetrazines than hydrazine nltroform. Johnson and

Taylor of the Naval Ordnance Laboratory 4 reported a synthesis of the mono-

nitroform salt and described some of its properties. At that time, however,

the compound was considered too sensitive for further development. No further

work was done until 1960, when Lovett and Brown of Esso Research and Engineer-

ing Company 5 reported that the compound had sufficient thermal stability for _

propellant applications and that calculations showed the substitution of

hydrazine nitroform (HNF) for ammonium perchlorate increased specific impulse

by 8 to 12 seconds. On the basis of this information, the Bureau of Naval

Weapons requested the Naval Propellant Plant to consider this compound as an

oxidizer for a new high-energy propellant.

iHercules Powder Company, Monthly Progress Report 12. D. L. Kouba, et el.,

NOrd 9925, July i, 1949. CONFIDENTIAL

2U. S. Rubber Company, Incorporatedj Synthesis of New Explosives and Pro-

pellants. NOrd 10129, October I, 1948 - February 9, 1949.

3U. S. Naval Propellant Plant_ R-8 Monthly Progress Report. October -

December 1960. CONFIDENTIAL

4Naval Ordnance Laboratory_ Guanidine Nitroformate and Hydrazlne Nitro-

formate as Possible New High Explosives. NavOrd 2125, July Ii, 1951,
CONFIDENTIAL

5Esso Research and Engineering Company, Quarterly Progress Report on

Research on Advanced Solid Propellants. Report 170. 60 - 2. March 11 -

July I0, 1960. CONFIDENTIAL

-4-
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Beilstein I reports two forms of nitroform:

02 0 _O 2

C = N-OH HC--NO 2l l
NO 2 NO 2

aci-form trinitromethane

m.p. 50°C m.p. 16°C

The aci-form is the type of enolization that occurs with most nitro compounds,

but in the case of nltroform, this structure i8 apparently more stable.

The reaction of nitroform and hydrazine to form hydrazine nitroform

is a neutralization reaction.

+ i N OH NH2NH - C

N2H4 iO 2 |
(NO2) 3

At the Naval Propellant Plant 2 the reaction is carried out in a methanol

solution, after which the crude HNF is precipitated from methanol by carbon

tetrachloride, filtered, rediaeolved in methanol, and recrystallized. The

pH of the resultinE HNF and its environment is extremely critical. If the

pH value is appreciably greater than 5.0 or less than 4.5, either hydrazine

or nltroform is liberated. In the presence of moisture, hydrolysis will

liberate active hydrazine and nitroform which may react or decompose to form

gaseous products when in contact with other propellant ingredients,

iBeilstein, Friedrich Konrad, Beilsteins H_ndbuch Der OrKanischen Chemie.

Vol. I, 4th Edition. Berlin: Springer-Verlag, 1948, p. 116.

2U. S. Naval Propellant Plant, TMR-188, Hydrazine Nitroform_ Its Synthesis

and Properties. W. Blankenship, etal., June I, 1961. CONFIDENTIAL

-5-
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As a result of an apparent stability problem in propellant systems

incorporating HNF as the oxidizer, an extensive investigation of the chemical

reactions of HNF was conducted. The general chemical reactions of }Lk_ are

sun_arized in Table I.

Several things are immediately apparent from Table I. The normal

(nitroglycerin or trimethylolethane trinitrate plasticized) double-base sys-

tems seem to be the only inherently stable systems for HNF, provided there is

no moisture or other impurities present. However, both moisture and a ferric

oxide impurity were found to be present.

The mechanism of decomposition in the above case was the hydrolysis

of the HNF by the moisture present into hydrazine and nitroform, and then the

reduction of the Fe203 by the hydrazine to Fe and FeO with the corresponding

oxidation of the Fe and FeO by the nitroform back to FE203. The products

of decomposition yielded both N20 and NO as analyzed by mass spectrometer.

Since the as-received HNF is dissolved in methanol and ultrasonically

recrystallized before use, a simple filtration of the HNF-saturated methanol

solution prior to recrystallization proved to be adequate for removal of the

impurity. The HNF manufacturers now are filtering their material prior to

crystallization.

It also appears that water hydrolyzes most ester-type nitrocellulose

plasticizers. The resultant hydrolyzed ester products react with HNF and

produce gassing over long periods of time, depending on the particular ester

used.

Another reaction of particular interest is the condensation reaction I

between isocyanates and HNF. This highly exothermic reaction will not take

place unless there is a third agent present in solution that will first

IU. S. Naval Propellant Plant, State-of-the-Art Review of Propellant Formu-

lations Containing Hydrazine Nitroform. JANAF-ARPA-NASA Solid Propellant

Group. Bulletin of 18th Meeting, Go A. Kelvin, et al., Volume II, June
1962, CONFIDENTIAL
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TABL_ I

GENgRAL CHI_ICAL RLqCTXONB OF HNF

ARC- 8R- 23A1

Oraauic and Inoraan!c Acids

itCOOH + 2" c("°2) "2"2 °cSi + "c("°2)3
25 "C decoapolu

at 25"C

o mine or Alkali

f  j.lc,j.,o.o,Itlit2101 + ml 2 , (NO2) - ltllt2Nl¢(_02) 3 + Hll2H 2

amLnes hydras the

1

/0 + k'H2HH C(H02 ) 3 + pcoducCe

C%o H+ + c(_o2);

4, HydrazLne

fuel oxidiser

_0 to lO0*C

combustion producta

5, Hydrolysis

2n (Io 2) -
25'C

+ HC(N02)3
_t

.+ + c(io2) 3

-7-



ATLANTIC RIrS[AmCH r'OMPORATION

ALI"XAN Dlq IA, VI FI rl I N IA

e Metal Oxides

TABLE I (cont'd)

+ Fe20 3

25 to I00"C
=,_

slow

autocatalytlc

ARC-SR- 23A1

decomposition products

£ncludlns N20

7. Carbonyls

RCHO +

R2C = O +

H H

[RC - NNH2C(NO2) 3] + HID.

ilow H

- R2C = N - NH2C(lg02) 3

. decomposition
products

. decomposition
products

So Biters

+ RCOOR

slow

HOH
R_-NHNH 2

Rate of reaction depends upon ester.

+ ROll + HC(NO2) 3

e HG + NC*

RONO2 ÷ 2NH2 (t4X)2)

Stabllize oath other.

no rsectLon

10. _, lOCYlnltll

r . ];o.o
.,oo+

sOH

RNC-N -NH 2

I I I III III

l_l II l J i I I I •U,i Hovel Propelllnt ?1in=. TpLlI-188 Hydrestne Httroform, Its Synthesis and
?roperties. W. |lankenehtp, eC el, June 1, 1961. ConfLdential
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dissolve the HICF. This third agent is commonly the glycol in most poly-

urethane binders. HNF and toluene diisocyanate have been mixed together and

kept at 50_C for 144 hours without apparent reaction. However, when _NP and

polypropylene glycol 2025 were mixed at 50°C, decomposition occurred within

I0 hours.

As a result of the need to obtain high solid loadlngs and to modify

the burning rate and pressure exponent of HNF-containing propellant systems,

ultrasonic recrystallization was used to obtain more symmetrical (L/D_I)

particles. Figure I-i compares the as-recelved HNF and the recrystallized

material under the same magnification. The length-to-diameter ratio was modi-

fied from approximately 10:1 to i:I.

HNF PROPELLANT SYSTEMS

Table II presents a sun_nary of the theoretical specific impulse at

sea level and at altitude (expansion ratio at altitude of 50:1) and the

theoretical flame temperature for all the major systems considered° Figure

I-2 gives the theoretical vacuum specific impulse as a function of area ratio

for different contents of JPL polyurethane binder.

Table III presents a general sununary of the major HNF propellant

systems on which work has been concentrated. As can be seen, only the TMETN

double-base and TMETN-plasticized polyurethane systems have the processability_

stability, and physical properties required. However, the ballistic properties

of both systems were unacceptably high for the program requirements

(rb @ 700 psi = 0.23 in/sec, n • 0.3).

Shock Sensitiyity

The aluminum analog (Arcocel 184) of the HNF-beryllium-_ETN plasti-

cized double-base system was tested for shock sensitivity. A miniaturized

card-gap test employing the standard apparatus normally used for card-gap

testing of liquids was used. The test consists essentially of the detonation

-9-
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TABLE II

SPECIFIC IMPULSE AND FLAME TEMPERATURE FOR

SEVERAL BERYLLIUM-CONTAINING SYSTEMS

Tc II000/14.7

System (°K) (Ib-sec/Ib)

257" PEG 200/NC 3707 292.6

HNF

407. TMETN/NC 4004 288.5

HNF

4070 TMETN/DBS/NC 357 6 29 I. 5

HNF

257" DBS/DBP/NC 2527 291.2

HNF

277. DBS/DBP/NC 3327 285.9

HNF/AP

357, TA/NC 3519 285.1

HNF

407" TA/NC 3214 280.0

HNF

187" PU(JPL) 3410 293.3

HNF

207. PU(JPL) 3275 291.5

KNF

22% PU(JPL) 3140 288

HNF

227. PU/TMETN (I/i) 3620 293.5

HNF

247" PU/TMETN(I/I) 3580 293.3
HNF

267" PU/TMETN (I/I) 3510 293.0

HNF

A_C-SR-23AI

I
vac 50/1

(Ib-sec/Ib)

357

355

356

35O

344.5

348.5

337.5

-10-
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of a 'booster" or '_onor" explosive by a detonator and the attenuation of the

resulting shock wave by a series of cellulose acetate cards placed between

the donor and the acceptor. The number of cards placed between the donor and

acceptor defines the "card gap" for that system. The actual determination

of the detonation or nondetonation of the acceptor would require a measure-

ment of the velocity of propagation of the shock wave through the acceptor

charge. Since this is costly and difficult, the criterion for a detonation

of the acceptor charge is established as the complete perforation of a steel

witness plate placed above the acceptor charge. This criterion correlates

adequately with actual velocity measurements. The card-gap test assembly is

illustrated in Figure I-3. The detonator used in this case was a Corps of

Engineers special blasting cap which was inserted into a cork base attached

to the cardboard tube housing the assembly. On the cork base rested a tetryl

pellet i inch high by 1-5/8 inches in diameter and weighing approximately

50 grams. The gap cards were cellulose acetate discs 1-5/8 inches in diameter

and 0.01 inch thick. The container for the acceptor propellant charge was a

section of nominal 1-1nch schedule-40 steel pipe faced in a lathe to a length

of 3.0 inches. Its inside surface was carefully cleaned by sandblasting to

provide a good bond between the propellant and the wall of the container.

Cork spacers were used to hold the sample tightly against the cards° Finally,

the witness plate was a piece of cold-rolled, mild-steel plate 4 inches square

by 3/8 inch thick.

The test proceeded generally as follows: the propellant was mixed,

cast, deaerated, and cured by remote techniques in the processing bay_ Each

sample contained about 70 grams of propellant and was cured for about 2 hours

at 55°C. Departing somewhat from standard explosives techniques because of

the requirement for remote handling of the acceptor charge, the detonator

was armed, tested for continuity, and placed in its cork holder in the card-

board housing with the cards and tetryl pellet inserted prior to being moved

into the processing bay. The cardboard tube was then carefully placed on a

portable steel pedestal mounted on an overhead trolley and remotely transported

-12-
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TARGET PLATE

CORK SPACER

ACCEPTOR CUP

PLASTIC GAP

TETRYL PELLET

CORK BASE AND

DETONATOR HOLDER

ENGINEER'S

SPECIAL DETONATOR

PAPER TUBE

Figure I-3. Card-Gap Sensitivity Test Assembly.
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into the bay. Inside the bay, the acceptor charge and witness plate were

placed on the assembly. The entire pedestal assembly was remotely trans-

ported to a 4 x 4 x 4 foot pit lined with 1-inch steel plates and was re-

motely lowered into place. Finally, a trolley-mounted blasting mat woven

from 5/8-inch-diameter cable was lowered over the pit to contain the shrapnel

and deflect the shock wave of the detonation. Figure I-4 illustrates these

procedures and pictures this equipment.

Twelve tests were performed with the Arcocel 184 formulation. Re-

suits are shown in Table IV. The data indicate a sensitivity for the Arcocel

184 formulation of about 195 cards, or 1.95 inches, at the 50-percent level.

Particle Size Effects

A study was conducted to determine the effect of the HNF particle

size on the burning rate and pressure exponent of a propellant system. Table V

summarizes the results and shows that the more symmetrical (L/I_I) and smaller

the oxidizer particle, the lower the burning rate and pressure exponent° Sub-

stitution of beryllium seemed to increase both the pressure exponent and burn-

ing rate. With the recrystallized HNF, it has been possible to obtain similar

burning rates and pressure exponents in double-base and some single-base formu-

lations oxidized by either AP or HNF. This comparison is shown in Figure 1-5

for a triacetin-plasticized nitrocellulose formulation using beryllium as the

fuel.

Formulations and Test R_sults

The incorporation of HNF in a polyurethane binder necessitated the

use of only prepolymer type binders. If a JPL X-535 type binder was used,

the PPG-2025 dissolved some of the HNF which in turn reacted with the TDI.

Even in the prepolymer type system, there was a tendency for the HNF crystals

to absorb the prepolymer. This absorption resulted in a highly viscous mix.

With the use of a non-solvation agent such as TDI which preferen-

tially wetted the RNF surface and resisted the absorption of the prepolymer,

-13-
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Test

Number

I

2

3

4

5

6

7

8

9

i0

11

12

TABLE IV

RESULTS OF CARD-GAP TESTS ON ARCOCEL 184

Temperature

40°F

Card

200

300

250

225

200

190

195

190

195

2O0

195

200

Estimated 50-percent point 195

Result

+ (positive)

(negative)

+

+

+

+

Formulation of Arcocel 184

12.80 percent Aluminum

47.20 "

13.30 "

16.70 "

2.00

4.00 "

4. O0 "

HNF

Nitrocellulose (12.6% N)

TMETN

TEGDN

Dibuty i phthalate

Dlbutyl sebacate

-14-
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/0

0.I

0.01
I0

® :J_;?, BINDER- HNF

T 35 _, BINOER "AP

A _0 7, BINDER"AP

[] 40"?, B/NDER-I.IHF

I00 I000

PRE55ClRE (psi_)

Figure l-B. Burning R_te8 for Formulations
of Triacetin-NttrocelluloJe Binder,
Be, and Either HNF or AP.
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TABLE V

EFFECT OF PARTICLE SIZE ON BURNING

KATE AND PRESSURE EXPONENT

Hydrazlne Burnlne Rate Pressure

Nitroform @700 psi Exponent

Particles _(In/,sec) @700 psi

200_ (L/D _ I0) 0.36 1.0

50_ (L/D _ 2) 0.23 0.76

200_/50 - hl Mix 0.28 0.89

Formulation Percent

Nitrocellulose i0.0

Dibutyl Sebacate 12.0

Dibutyl Phthalate 5.0

a
Aluminum 16.9

Hydrazlne Nitroform 56.1

Substitution of beryllium for aluminum increases both burning rate and

pressure exponent.

-15-
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a castable aluminum-containing mix at the 20 percent binder level was made.

However, the incorporation of beryllium at this binder content level resulted

in an uncastable system.

A new approach was taken by the use of a non-glycol prepolymer.

The prepolymer was made from castor oil and TDI with castor oil also being

used as the cross-linking agent. FeAA was effective as a catalyst in this

system. At 20 percent binder content, a beryllium-fueled mix was still too

viscous to be castable by standard techniques.

It was found that trimethylolethane trinitrate (TMETN) was compatible

with the binder components being used. Two i/4-pound motors I were cast with

an aluminum-fueled propellant containing 26 percent of nitro-plasticized poly-

urethane binder. The binder-to-plasticizer (TMETN) ratios were 3:1 and i:i.

These motors were cured at 50°C for 18 hours. When fired, both motors ignited,

reached a 550 psi chamber pressure, lost pressure, and burned out at ambient

pressure. The strand ballistic data showed a pressure exponent of i for both

motor formulations. With the particular geometric configuration and formu-

lation ballistic properties, the effect of a high pressure exponent would be

for the motors to ignite and then reduce pressure to ambient rather than to

explode. In the equation: i

l-n

P = KABP /

c AtCD/

where:

P = chamber pressure
c

K = burning rate constant

A B = burning surface area

A t = throat area

iFormulation shown on Figure I-5.
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the term

BA_I< I,

CD = discharge coefficient

n = pressure exponent

p = propellant density

AtCD I was slightly less than one for both motors.

the chamber pressure approaches zero.

With n _ I and

A series of additives was investigated in an effort to reduce the

pressure exponent to an acceptable level. Some of the additives tried were

amonium oxalate, lithium fluoride, and a cab-o-sil coating of the oxidizer

particles. Both ar_nonium oxalate and lithium fluoride reduced the pressure

exponent from one to between 0.6 and 0.7 at the 2-percent level. However,

the theoretical lea-level specific impulse was also reduced to around

285 Ib-sec/Ib. The replacement of 50 percent of the HNF by an_onium per-

chlorate only lowered the theoretical specific impulse to 287 lb-sec/lb and

reduced the prelsure exponent to 0.55 at 500 psi.

Two aluminized 1/4-pound motors were again cast with a binder-to-

plalticizer ratio of 1:1 and 26 percent of total plasticizer and binder.

Both motors fired successfully, Only the chamber pressure was recorded for

both firings.

Both motors fired at a chamber pressure approximately half that of

the designed pressure. The chamber pressures were 185 psi and 375 psi. A

comparison of the motor and strand burning rates is shown in Figure 1-6.

The motor burning rates are higher than the strand burning rates at the same

pressure, but the pressure exponent appears to be somewhat lower in the motors°

However, more motor data are needed before this trend can be confirmed. The

theoretical discharge coefficient for the formulation was 0.00622. The meas-

ured discharge coefficients were 0.00686 and 0.00704. The C D efficiencies

were 90.7 percent and 88.4 percent. The pressure trace of one of the firings

is shown in Figure 1-7. There was a 0.16-second delay between the ignition

pressure peak and the development of full chamber pressure. No residue was

found in the motor after firing.

-17-
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CONCLUSIONS

The work on HNF systems performed under this program has led to the

following general conclusions about the nature of hydrazine nitroform pro-

pellants:

(I) TMETN-plasticized double-base formulations with HNF oxidizer

appear to have the best over-all stability, processability, physical proper-

ties and ballistic properties.

(2) HNF can be incorporated in a polyurethane binder to give a

thermally stable system provided that the polyurethane is a non-glycol

(such as castor oil) TDl-prepolymer-type binder.

(3) In polyurethane and nitroplasticized-polyurethane formulations

where there is a high HNF solids loading, the pressure exponent approaches

i in the strand ballistic data.

(4) The presence of water hydrolyzes almost any ester-type nitro-

cellulose plasticizer, which results in the degradation of HNF in the

formulation.

(5) The presence of ferric oxide and moisture as an impurity in HNF

will result in a catalytic oxidation-reduction degradation of the HNF in

which both NO and N20 are given off°

(6) The as-received needle-shaped (L/E_I0) HNF can be ultrason-

ically recrystallized to obtain more symmetrical particles (L/I_I). This

allows much higher solids loadings and better formulation processability.

(7) The more symmetrical (L/I_I) and the smaller the HNF oxidizer

particle, the lower the burning rate and the pressure exponent.

(8) Substitution of beryllium for aluminum in an HNF-oxidized

system appears to increase both burning rate and pressure exponent.

(9) Motor burning rates of HNF-oxidized, nitroplasticized poly-

urethane pr_pellants appear to be higher than the strand burning rates.

-18-
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2.0

Weight

Ingredien t Per Cent

Polyurethane 13.00
%iETN 13.00

HNF 27.8 5

AP 27.8 5

AI 18.30

1.0

o.8
•-- 0.8

0.4

_ 0.2

0.1
100 I000

PRESSURE (p SI )

10,000

Figure I-6. Motor and Strand Ballistic Data.
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(I0) Lithium fluoride and ammonium oxalate appear to be effective

pressure-exponent depressants at the 2-percent level for HNF-polyurethane

systems, but degrade the thermodynamic performance to an unacceptable level_

(ii) Substitution of ammonium perchlorate for HNF appears to re-

duce the pressure exponent, burnin8 rate, and thermodynamic performance

proportional to the amount of HNF replaced.

(12) The theoretical thermodynamic performance, stability, process-

ability, physical properties and ballistic properties of a _METN-plasticized

polyurethane (1:1 ratio) propellant oxidized with 50 percent HNF and 50 per-

cent ammonium perchl_rate is equivalent to a ZMETN-plasticized double-base

formulation oxidized by HNF alone.
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II. TAILORING AND TESTING OF

POLYURETHANE PROPELLANT

BACKGROUND AND INTRODUCTION

Atlantic Research Corporation has participated in polyurethane propellant

research and development for several years. The original beryllium-containing

propellant, developed under Air Force Contract No. AF 33(161)-6623, was a prepolymer-

based polyurethane formulation. In the preliminary work, with berylllum-contalnlng

formulation safety was of primary importance, but as familiarity with technlques for

handling beryllium powders was gained, it became possible to use more comple x

binders, Since the physical properties of the prepolymer-based propellants were

not optimum, improved binders were required.

Early in 1961, Atlantic Research began to use the JPL X535 polyurethane

binder. These propellants are easily processed and have adequate pot life; the

cured materials have excellent physical properties. They have been static fired

in I0- and 50-pound cylindrical and 50-pound spherical motors. This work was

conducted under an Air Force contract (AF 04(611)-7017) with the objective of

tailorlng berylllum-containlng polyurethane propellants for upper-stage appli-

cations. The program began in _rch 1961 and continued through the end of that

year.

This program was conducted concurrently with a program (Contract AF

04(611).-7037) for delivery of six 17-inch spherical motors of beryllium-contain-

ing polyurethane propellant--three for static firing and three for use as fourth

stage of the Blue Scout Junior vehicle. To meet static testing and delivery

schedule requirements, these motors were loaded with a prepolymer-based beryllium-

containing polyurethane propellant which had been developed by Atlantic Research.

Subsequent to the selection of the propellant for the Blue Scout Junior application,

the tailoring program resulted in an improvement in the binder physical proper-

ties of the polyurethane system. Investigations of the effect of binder content,

beryllium particle size, and thrust level on specific-impulse efficiency also

continued.

-21-
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Binder physical properties were improved by the use of JPL-type

polyurethane binders. Tensile strengths of 100 psi with elongations of i00

percent were measured at room temperature with beryllium propellants con-

tainin8 20 percent of the JPL binder°

The results of static firings in this program are summarized in

Table I. The data obtained from the 50-pound cylindrical motor firings are

not believed to be valid. The inconsistencies in the data are believed to

have been dynamic effects on the load cell due to the rapid and extreme pressures

generated in the closed firing tunnel by a motor of this size.

A summary of physical property data from this program is presented in

Table Iio Typical values for propellants with 20 or 22 percent prepolymer bind-

ers are 60 to 70 psi tensile strength, 30 to 40 percent ultimate elongation,

and 300 to 600 psi Young's modulus°

In the discussion of HNF propellants it was pointed out that in late

1961 it was decided to shift development effort for the 17-inch spherical motor

to a polyurethane propellanto A discussion of the tailoring and testing of this

propellant follows; the work described was carried out at the Atlantic Research

facilities described in Appendix B of this report,

POLYURETHANE PROPELLANT DEVELOP_NT

Propellant Tailoring Program

The tailoring program proposed included both I0- and 50-pound motor

firings during the final quarter of 1962o There were four distinct phases:

(I) aluminum-containing cont_ ol rounds

(2) beryllium powder evaluation

(3) confirmation firings

(4) firlngs to determine the effect of scale-up

Phase I involved the fabrication and static firing of ten aluminum-

containing polyurethane control roun0s which would be made throughout the 10-

pound program_ These grain_ would provide controls for comparison with the

_22-
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TABLE II

PHYSICAL PROPERTZ|8 OF POLYURETHAN| PROPELLANTS

C(_TAINING ALUMINUM OR BEB.¥LLIUMAND OXIDIZED WITH AI_ONIUM PERCHLORATE.

Arcane B£nder

Number MeCa_.___l

30 al JPL

38 Be JPL

39 Be JPL

Physical Properties at _OOF
Binder Ultimate Ultimate Youns'8
Content Tensile KlonSstlon Modulus

(percent) (psi) (percent) (psi)

20 130 70 20O

20 140 50 500

18 100 60 600
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various beryllium-conCatntns polyurethane propellants bein s evaluated. The

propellant chosen was Arcane 42, an OMDx composition contatntn K 18 percent of

3PL polyurethane binder. This propellant is easily processed and has good

physical properties. A total of ten grains was scheduled, five to be fired

in the Atlantic Research Corporation controlled-atmosphere tunnel and five Co

be fired under normal sea-level conditions. All firings were Co be conducted

at a chamber pressure of approximately 1,000 psi with an optimum nozzle expansion

ratio.

Phase 2 was intended Co select the berylliumpowder to deliver the

highest performance possible. The propellant chonn was Arcane 40, the ONDx

beryllium-containinG composition with 18 percent og 3PL polyurethane binder.

Twenty-six firings were scheduled in the Atlantic Leuarch tunnel, all at

approximately 1,000-psi chamber pressure with optimum expansion ratio. These

firinGs were divided as follows:

(1) Three firings with "17-micro_" beryllium powder (Brush Beryllium

Corporation). This material has been used in other programs at Atlantic Re-

search and considerable background ingornmtion about properties and particle

size exists.

(2) Three firings with "400-mes_ q beryllium powder (General Astro-

metals Corporation). This beryllium powder is ground from chips or flakes

made in France by the Pechtney process. It has not been evaluated extensive-

ly, but the analytical data available indicate that it is a high-purity

product worthy of evaluation.

(3) Three firtnao with Brush Beryllium Corporation's "17 _ 5 micron"

or 1755 beryllium powder. This material is classified from the standard

"17-mic:o#' powder and is a closer cut. All fins and large powder are re-

moved. The lack o! fine powder is an aid to processing and the removal of

larsa particles tap=ovss combustion afflc_eucy.

(4) Nine fit/nil with Barylco low-oxide-content beryllium powder

(Beryllium Corporation of America). This material is similar to Brush "IT-

micro#' beryllium powder. Three grades are available, which have 0.6, 1.0,
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or 2.0 percent of oxide. Three firings of each oxide content would be re-

quired to assess the effects of oxide content on speclflc-lmpulse efficiency.

This would also ensure that there was no appreciable difference in the viscosity

characteristics of propellants made from these powders.

(5) Eight firings with varying percentages of "325-mesh" beryllium

powder (Brush Beryllium Corporation)° This powder is somewhat larger in

particle size than the Brush "17-mlcro_' but some optlmum blend may exist.

Two firings each were scheduled of propellants containing "325-mesh" and "17-

microN' in ratios of i00:0, 75_25, 50_50, and 25:75. The three firings of

all "17-mlcro_' under (i) above would serve as 0:I00 controls for these eight

firings°

At this time it was thought that a selection could be made and Phase

3 would be undertaken. Phase 3 would consist of five to ten sea-level firings

and at least ten firings at simulated altitude conditions to demonstrate the

delivered specific impulse of the selected formulation° Me:st of the sea-level

firings would be at a chamber pressure of 700 psi with optimum expansion ratios.

Firings under simulated altitude conditions would be at expansion ratios of

50:1 and 60:1o

Phase 4, the evaluation of scale-up effects, was scheduled to be

carried out concurrently with Phase 3o Three firings were recommended in a

double-length motor to evaluate the effect of a change in mass-flow rate and

thrust level at a chamber pressure of 700 psi Also two 50-pound motors were

scheduled. Alumlnum-contalning control grains of the same configurations were

scheduled for static firing both in the Atlantic Research tunnel and on an out-

door thrust stand°

When this program was outlined, it became apparent that not all of the

objectives could be met and still produce a qualified propellant in time to

phase-ln with the 17-inch spherical motor program° As a result of this_ and

after discussion with Jet Propulsion Laboratory personnel in late January, the

program was modified to consist of:
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(1) Two static firings of Arcane 42, an aluminum-containing propellant.

(2) Ten static firings of Arcane 40 modifications, a beryllium-con-

taining propellantm for evaluation purposes.

(3) Fifteen firings of the final propellant for demonstration of

delivered specific impulse.

(4) Seven additional firings for ¥-K n data.

The ten static ftrtnss of Arcane 40 types were to include two firings

each of four variations of Arcane 40 and two firings of Arcane 39, an oxidizer-

rich, beryllium-containing propellant with 18 percent of binder. The four va-

rieties of beryllium powder to be used in Arcane 40 were Brush "lT-microK',

General Astrometals "400-mesh", Berylco "17-micron (0.6 percent Bee)", and

Brush "DS0 equal to or less than 10 microns", All of these except the latter

have been discussed previously. This is a special cut which is classified

from normal Brush "17-mtcron" until the weight average particle diameter is

less than 10 microns at the 50-percent point.

The best of these four variations was to be used in making two Arcane

39 grains. Evaluation of the results of the static firing of these two grains

would permit a selection of Arcane 39 or Arcane 40, on the basis of delivered

specific impulse, specific-impulse efficiency, and burnin 8 rate.

The selected propellant would then be qualified by five firings at

sea level with an optimum expansion ratio, and ten firtr_s at altitude with

a 50:1 expansion ratio. Five propellant batches of three grains each would

permit the firing of one grain at see level and two at altitude from each

batch.

At this point, or perhaps during the qualification, the propellant

would be ready for casting of a 17-inch spherical grain. Further work would

be limited to f£t£_ seven Stains of s 6C2-11.4 configuration to obtain P-K n

data. These would be accomplished as follows:
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Pressure RanKe, psla

Temperature a °F 300-900 400-1200 500-1500

130 1 i

70 I 1 I

20 1 1

The described program anticipated qualification in February 1962.

At thls time, difficulties arose in processing the berylllum-contalnlng poly-

urethane propellanto Thls will be discussed further in a subsequent section;

however, they posed a great problem from a program schedule standpoint. Be-

cause of the long delay caused by propellant processing problems, it was de-

cided to cast the first 17-inch motor before the propellant tailoring program

was completed. The program was completed, as outlined, with the exception of

the P-K firings. At the conclusion of the simulated altitude firings, it was
n

decided to omit the P-K firings and concentrate the effort on the 17-1nch
n

motor fabrication°

Propellant Formulation and Processin 8

Binder

The original polyurethane work on this p_ogram utilized JPL form-

ulation containing PPG 2025-one_Alrospe_se 1!P_Trimethylolpropane in an

equivalents ratio of approximately 0 81_0,I0:0o09o The isocyanate-to-hydroxyl

ratio (NCO:OH) was higher than the 1005 NCO_OH ratio considered optimum by JPL.

In calculating NCO_OH ratios, the active hydrogens on phenyl-B-naphthylamine

(Neozone D), were included, whereas JPL neglected these, feeling they were so

hindered as to be virtually unreactiveo Also, at Atlantic Research, component

analyses were used solely for formulating° As a consequence of these differences,

Atlantic Research cures were somewhat unreliable° Aluminum-contalnlng form-

ulations showed good curing properties; two spherical motors, 17S-I and

17S-2, were cast and cured successfully in late 1961 and early 1962. Beryllium-

containing polyurethane propellants generally did not cure with two exceptions:

a mix made with Brush "325-mes_' beryllium in January, 1962, which was too

viscous to process successfully, did cure satisfactorily; another, made with

Brush "17 _ 5 micron" beryllium, is discussed below_

-28-



ATLANTIC RlrelrARCH COIqlIONATIO N

ALIrXAN ORIA,VIRmlN IA ARC -SR- 23A 1

Discussions with JPL in February pointed out the differences in our

calculations° Formulatin8 to an NCO:PPG:Alrosperse llP:TMP equivalents ratio

of 1.05:0.78:0.11:0oll and ignoring the hydroxyl content of phenyl-_-naphthylamine

gave polyurethane binders and aluminum-containing propellants which cured reliably°

The number of equivalents of each ingredient was calculated using equivalent

weights of B7.1 for toluene diisocyanate, 45°2 for trimethylolpropane, and 208

for Alrosperse lIP. The equivalent weight for polypropylene glycol 2025-one

was calculated from the hydroxyl number supplied by the manufacturer, assuming

an average molecular weight of 1,950. Cures of beryllium-containing propellants

were still unreliable; however, some Brush "17 _ 5 micron" beryllium (lot 23R)

was used in three successive mixes of Arcane 40Y, two mixes with our ingredients

and formulations (equivalents ratio, 1.04:0_811:0.096:0.093) and one mix with

ingredients and formulation supplied by JPL (equivalents ratio, 1.05:0o78:0o11:

0.11). All cured better than anything that had been made previously, and the

10-pound grain made from JPLmaterials was adequate for static firing. These

three mixes exhausted the supply of lot 23R. Soon afterwards, the batch of

normal "17-mlcron" beryllium we were currently employing, 23P, was returned

to the manufacturer for exchange and I00 pounds of a new lot, batch ii, were

obtained.

Propellant formulated from batch 11 of normal 17-micron beryllium

gave reliable cures in the motors without exception: howevez_ sheets of

propellant made in the laboratory or the propellant processing area did not

cure reproducibly. This is not surprising if one considers the relative sur-

face-to-volume ratios in the two casesml5:l for the sheet as compared with

about 2:1 for a spherical propellant charge The physical property and burn-

ing rate sheets were cured in flat molds on which the propellant was spread

into a layer of the appropriate thickness (00075 inch for physical properties

test sheets)° Attempts were made to cure the sheets in a number of ways,

eogo, covered and uncovered, at temperatures from 50 to 80°C, and in ovens

or Carver laboratory presses° None of these methods was effective,,

So much trouble had been encountered prior to receipt of batch ii

that when subsequent lots of beryllium were received, it was decided to eval-

uate them immediately on receipt to determine their usefulness On the basis
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of the above problems encountered in obtaining reliable cures in sheets of pro-

pellant, it was decided to evaluate each lot of beryllium in the propellant

processing area instead of the laboratory. This was done it_ 2,000-gram mixes,

to minimize the time, labor, and materials involved. These 2,000-gram mixes

were cast into containers shaped from aluminum foil, approximately 4.2.5

inches in diameter and 5 inches high. These have a surface area of •bout

i00 square inches and • volume of •bout 75 cubic inches of propellant, thus

approximating the surface-to-volume ratio of 10-pound grains.

Using these mixes, it was determined that none of three subsequent

100-pound lots of Brush "17-micron" beryllium, batches 25, 34, or 4_, cured as

well as batch 11. This evaluation was based on hardness and degree of thermo-

plasticity after an overnight (approximately 16 hours) cure in an oven at 60"C.

Although this is only a qualitative evaluation, it has been substantiated by

the appearance of grains cast from propellants made with these lots of beryllium.

None of these grains cured as well as grains made from propellant contalnln 8

batch Ii beryllium.

Throughout these experiments, surveillance of binder ingredients was

maintained. In addition, each binder batch made was sampled and fully cured,

acceptable samples were obtained of inert binder and of alunLtnised propellant

(Arcane 42) containing the binder before it was used to make beryllium-contain-

ir_ propellant.

nr.t£_a=.___

The background work described in Section I had shown that the propellant

burning rates of beryllium-containing polyurethane propellants formulated with

JPL X535-type polyurethanes ware higher than those of analogous propellants based

on a plasticized prapolymar-type polyurethane binder 1. A lower burning rata was

required to meet the motor design requirements.

1Atlantic Research Corporation, Tallorin_ of High-Energy Propellants, Final

Report. Contract AF 04(611)-7017, November 1961. CONFIDENTIAL
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The first laboratory work investigated the lowering of burning rates

by two methods: (I) incorporation of RDX (cyclohexamethylenetrlnitramlne) as

part of the oxidizer and (2) use of ammonium perchlorate with extra-large parti-

cle size. The following results were obtained°

Oxi- Binder Metal

dizer Content Content r600

Arcane Oxidizer a Ratio (percent) (percent) (inLsec_ n60__O0

38 RDX/Unground NH4CIO 4 1:9 20 13o05 0°225 0°33

38 RDX/Unground NH4CIO 4 1:6 20 12o31 0°22 0°23

38 RDX/Unground NH4CIO 4 1:3 20 11o57 00215 0°20

40 Mod A/B 5:2 18 14095 0°255 0o012

40Y C/B 5:2 18 14095 0..212 0°25

40 D 7:3 18 14095 0°255 0025

a

A = Ammonium perchlorate, American Potash & Chemical, -20+35 mesh, spherical_

B = Ammonium perchlorate, Pacific Engineering Corpo, Class I spherical°

C = Ammonium perchlorate, Pacific Engineering Corpo,-10+48 mesh, spherical°

D = Ammonium perchlorate, unground, 24-mesh and 2TH 6900 rpmo

Arcane 40, an OMOx composition with less binder and a higher flame

temperature than either Arcane 38 or Arcane 39, was thought to be the composi _

tion capable of delivering the highest specific impulse° The original propellant

work showed that Arcane 40, containing a 7_3 blend of unground and 2TH 6900 rpm

grind ammonium perchlorate, would have a motor burning rate that was slightly

higher than desired. Further experiments showed that a 5_2 blend of Pacific

Engineering Corporation's -10+48 mesh and class I spherical ammonium perchlorates

(Arcane 40Y) lowered the burning rate significantly° Arcane 40Y contains the

maximum amount of -10+48 mesh ammonium perchlorate possible, commensurate with

reasonable processabilityo However, propellants made with this oxidizer mixture

were somewhat difficult to process._ RDX-ammonium perchlorate mixtures were also

satisfactory, but the use of large ammonium perchlorate was considered to be the

best choice° A 2:2:1 blend of -10+48 mesh; unground, 24 mesh: 2TH 6900 rpm

grind was selected as the best compromise between desirable propellant processing
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characteristics and lowered burning rate. The Arcane 40 variation containing

this oxidizer blend was designated Arcane 40X; replacement of Brush "lT-mlcro_'

with Brush "17 _ 5 micron" beryllium changed the designation to Arcane 40CX.

Strand burning rate data for Arcane 40, Arcane 40X, and Arcane 40Y

are contained inFigureI.[-_. These data are from laboratory batches of propellant

which were burned uncured in straws°

Motor burning rates from 10-pound motor firings of Arcane 40, Arcane

40X, and Arcane 40CX are compared in Figure 11-2. The average motor burning rate

is lowered from 0027 in/sec with Arcane 40 to 0.24 in/sec with Arcane 40X. Ar-

cane 40CX and Arcane 40X do not differ significantly in motor burning rates, or,

in fact, in any respect° (See the subsequent section on static firing data.)

Batch Chronology

Table llI contains a detailed listing of all mixes made on this pro-

gram from December, 1961, when the first 17-inch motor (17S-3) was cast contain-

ing Arcane 42, until August, 1962, when the final 17-inch motor (17SX-3) was

cast containing Arcane 40CXo Also included in this table are a number of mixes

made on other programs Their inclusion helps to provide a more complete picture

of the processing problems encountered

After the casting of the first two ]7-inch motors, which contained

Arcane 42, efforts were directed toward producing the beryllium-containlng pro-

pellant necessary for the tailoring program and subsequent evaluation firings.

No cures were obtained in Arcane 40Y or Arcane 39Y, although most of these

grains did "post-cure" after several weeks In effect, the cure had been

tremendously inhibited. The propellant grains would be subjected to a normal

cure cycle (such thac analogous aluminum-containing propellants would cure

satisfactorily), without effecting satisfactory cures Even doubling the

cure cycle made no appreciable difference° The lack of cure was shown by the

fact that the grains would pull away from the motor wall when the mandrel was

removed.

In the case of the beryllium-containing propellants, the propellant

slumped badly, sometimes immediately on removal of the mandrel, other times
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several hours later. Some grains actually pulled away completely and wound up

as "puddles" of propellant in the bottom of the motor. Others came out intact

on the mandrel and had to be pulled off. The unsatisfactory motors containing

partially cured propellant were stored in a magazine area while awaiting dis-

posal. Because of the contamination problem, disposition was scheduled slmilar

to a static firing; unusable motors are burned in the static-flrlng tunnel.

Because of a heavy firing schedule in the static-firing tunnel, some of these

motors stayed in the magazine area awaiting disposal for periods up to two

months. Examination of the propellant after storage showed that adequate cures

had occurred in the majority of cases. The adequacy was, of course, Judged

solely by appearance; no physical properties could be measured. However, from

the standpoint of hardness, tack-free surfaces, and flexibility of small cut

samples, the propellant appeared to be cured.

The propellants which were formulated, Arcane 39Y and Arcane 40Y,

contain 18 percent of binder. Their viscosity is quite high and the process-

ing characteristics are marginal. These characteristics raised the question as

to whether improper mixing was causing the curing difficulties. This theory

was disproved by subsequent mixes which included some alumlnum-containlng Arcane

42 formulations and an Arcane 38 formulation. Arcane 38, which has 20 percent

of binder, is considerably less viscous than either Arcane 39 or 40° In these

mixes, the alumlnum-contalnlng formulations cured, and berylllum-contalnlng

formulations, whether having 18 or 20 percent binder, did not cure. Varying

the Isocyanate-to-hydroxyl ratio made no difference in the cure of the beryl-

llum-contalnlng propellants, although some differences in degree of cure were

noted with the Arcane 42.

At this point, a consultation with JPL personnel pointed out the

slight differences, previously mentioned, in the formulating of the JPL X-535

polyurethane binder. Mix 175H marked the introduction of JPL formulation

and ingredients to the Atlantic Research work. It also was one of three mixes

made from a roll lot (23E) of Brush "17 ± 5 micron" berylllum powder° A 10-

pound motor suitable for static firing was cast from batch 175H. The grains

made using berylllum from lot 23R, Atlantic research Corporation ingredients
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and formulation were not as good as the grain made with JPL Ingredients and

£ormulation, but they were better than anything made previously. It appeared

that more reliable cures could be obtained with polyurethane propellants con-

talnln8 "17 + 5 micron" beryllium that vlth those using ordinary "17-mlcron"

beryllium or similar metal powders.

Using the JPL £ormulation, some improvement was noted in degree of

cure, but no reproducible good cures were obtained in Arcane 38, Arcane 40, or

Arcane 40Y. A mix o£ Arcane 42Y was made to investigate the posslbillty that

the extra-large ammonium perchlorate might contain some impurity which inter-

fered with the cure. This propellant cured satisfactorily.

The evidence overwholmtnsly pointed to the beryllium powder as the

source of trouble. As mentioned above, all &rains cast from batch 11 o£ Brush

"17-micron" beryllium cured satts£actortly. Ktxes made from batch 14D and 198,

which ware used concurrently with batch 11, cured but did not give as reliable

results; in all cans it was found necessary to increase the catalyst content.

2_ree subsequent lots of Brush "17-mlcron" beryllium, batches 25, 34, and 45,

were used with very little success.

Available physical-property and burning-rate data _or the batches o£

propellant used in the pro&ram ere contained in Table IV. Usable test sheets

for measuring physical properties and burnin6 rates were not obtained in a &rest

many of the cases, even vhen ucellent cures were obtained in motors. Densities

of propellants cast In 10-pound SraSns vote calculated from grain measurements,

and the results ere reported in Table V.

&emsdla 1 Action

At this tll proceeeirqJ studies were temporarily halted vhtle other

approaches were uplored. Laboratory work demonstrated that the use o£ a pre-

polymer based on polypropylene 81ycol and toluene diisocyanate would allevi-

ate the curing problems. Evidently, the prereacting o£ part of the glycol

and all the isocyanate provided sufficient deterrent to whatever kind of

competitive reaction _a8 taking place.
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The major problem in the use of prepolymers is the attendant increase

in viscosity. In making a prepolymer of a glycol and an isocyanate, the result-

ins formulation is more viscous than the same propellant formulated from the

individual ingredients without prareactins. When a prepolyu_er is used, some

of the polymerization has occurred as "prepolymerization" and a more viscosity

of the propellant increases further as the polymerization reaction continues,

Since beryllium-containing polyurethane propellants with 18 percent of binder

are already pressing the limits of satisfactory processing characteristics, the

use of prepolymers was impossible without increasing binder content.

An alternate approach, the use of Brush "17 _ 5 micron" beryllium,

which had been proven to produce reliable curing characteristics, proved a better

choice for this program, since it permitted completion of the work without chang-

ins the basic propellant formulation (Arcane 40). The use of prepolymerization

would have required the formulation of a new propellant containing 20 percent

or more of binder.

The prepolymerization approach was pursued successfully in another
1

Atlantic Kesearch program . Fifteen lO-pound motors loaded with beryllium-

fuel, prepolymer-based Arcane propellants containing 20 percent of binder were

proce||ed, cured, end fired without difficulty. The physical properties and

procesJins characCoristcs of these propellants proved satisfactory for large

motor fabrication.

_onclusion_

Polyurethane propellants fueled with beryllium can be successfully

cast and cured if certain precautions ere taken. The exact cause of non-repro-

ducible curlns is not known, but beryllium has been isolated as the source

'i '
Atlantic itesearch Corporation, Development of High-energy Solid Propellant

Formulations, Contract No, AF 0&(611)-8180.
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of the problem. Hence, tight control of the properties of the berylliumused

is mandatory.

Beryllium particle size was shown to have a major effect on curing

properties, and tight control of particle size is necessary. Propellants made

from Brush "17 ± 5 mlcro_' beryllium powder cured satisfactorily; those made

from the "17-micron" powder generally did not cure satisfactorily, but occaslon-

ally did. The fact that the division is not absolute indicates that partlcle

size alone is not the critical factor. Table VI summarizes particle-size data

on all lots of beryllium used. These data were provided by the suppliers.

There is no doubt that moisture is a factor in determining the degree

of cure obtained in a polyurethane. Table VII gives the moisture contents of

several lots of beryllium powder_ However, no definite correlation between the

moisture content of the beryllium powder and the curing characteristics could

be established.

Metal powder analyses are also supplied by the manufacturers; these

data are shown in Table VIIIo The only variable that appears to correlate with

degree of cure is carbon content, which was low in all batches that cured

satisfactory_

The importance of carbon content is not completely clear. Smaller

particle-size powders would be expected to contain more beryllium oxide and

probably more organic contaminants, hence, more carbon (perhaps as beryllium

carbide). Batch ii was the only one with a weight average particle diameter

(Ds0) of less than I0 microns that cured satisfactorily, and it had the lowest

carbon content of all batches used.

Ballistic Performance

Eighteen grains were fired in the tailoring program to evaluate

propellants other than Arcane 40X (or Arcane 40CX). Twelve of these grains

were Arcane 40 or variations, four were Arcane 39, and two were Arcane 47.

The effect of increasing oxidation ratio (OR) was explored with these three

propellants, which have oxidation ratios of 1.0 (Arcane 40), 1.045 (Arcane 47),
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TABLE VII

MOISTURE ANALYSES OF BERYLLIUM P_DERS

(OBTAINED WZTH CEC MOISTURE ANALYZER)

Batch Nunbe.t Percent Moimtute

11 O. 19

14D O.29

25 O.27

34 O.15

_5 O.18

xv-9 o. 14

Alcoa 123 (Aluminum) 0.0_

ARC -SR-23A i
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and 1o09 (Arcane 39). No significant differences in specific-impulse efficiency

were Doted.

Thirty grains made in earlier portions of the program ware not suitable

for firlng. These grains were burned out in the Atlantic _asearch tunnel.

Procassin4 difficulties ware encountered in makirql grains with either

Berylco low-oxide barylltme or Geueral Astrometals "5-micron" beryllium, and.

the data is too limited to correlate their performance with other materials.

The complete static-firing data are tabulated in Table IX.

Twenty-four 10-pound motors containing Arcane 40X (or Arcane 40CX)

were static fired in the Atlantic Research static-girtng tunnel, 14 at simu-

lated altitude conditions and 10 under sea-level conditions. Included in these

firir_s were three batch-check motors for JPL 17-inch motors and six batch-

check motors gor NOTS 100A or 100B 17-inch motors cast on anothor NASA program 1.

Table X provides a comparison between the data obtained at sea-level

and at altitude conditions in these static firings. At the time these gtrtngd

were made, the lower spectgtc-tmpulse e££tctency obtained in the altitude gtr-

ings was believed to be an anomaly. Subsequent static firings on another pro-
2

gram showed that this was a real dtggerence, which can be accounted got on

the basis of thermodynamic calculations. Higher flame temperatures and high-

er mass-glow rate decrease the difference. An example of the efgect of mass-

flow rate is available in the data accumulated on this program. Arcane 40

(Table IX) is identical to Arcane 40X except for the amnonium perchlorate

particle size and, hence, propellant burning rate and mass-flow rate. aswan

flrlnss of Arcane 40 and tan firinSe of Arcane 40X, all at sea level, had

average specific-impulse afgtcienctas of 89.05 and 87.95 percent, respectively.

The mass flow rate in the Arcane 40 firings was about 10 percent higher than

that in the Arcane 40X firings.

1
Atlantic Research Corporation, Contract NASI-1821, NASA Castin E ProEram.

2
Atlantic Research Corporation, Tailoring og High-Energy Propellant Ingredients,

Contract AF 04(611)-8180o
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Static firings are currently bein K conducted at Atlantic Research on
1

an Air Force program . Several different beryllium-containing propellant com-

positions were evaltutted in both sea level and altitude firinss. One system

in that program (Systm 2) evaluated beryllium-containin K polyurethane pro-

pellants very similar to those used in this program. The most noticeable

effect seen in the static firings of Systm 2 was that measured 8pecific-/Jn-

pulse efficiencies at altitude conditions were lower than those at lea-level

conditions. These results are in general agreement with those obtained on this

program.

This poses the question of whether the difference in efficiency is

due to difference in discharge pressures or in expansion ratios. Late in this

program, three firings were conducted at expansion ratios of about 10 at sim-

ulated high altitude. The specific-impulse efficiencies measured in two of

these firir_8 (619 and 521, Table X) did not differ significantly from the

efficiencies measured at sea level. (The third firin K, 598, should be disre-

garded in this analysis, since it has a sharp break midway in the trace indi-

cating some malfunctlon, such as case-bondln K failure.)

These results indicate that expansion ratio is the parameter con-

trolling the specific-impulse differences. The data obtained on the Air Force

program show a difference of 1.6 percent in specific-impulse efficiency between

the high and low 8xpansion ratio used at constant propellant stoichiometry and

constant mass-flow rate which is quite comparable to the two percent difference

found in this program.

The following conclusions have been drawn based on the information

from these two programs:

(1) Super-coolin 8 of liquid beryllium oxide probably occurs in the

iexpansion process with these propellants, yielding losses in specific im-

pulse that increase with expansion ratio.

, Ji ,

1Atlantic Research Corporation, Devtlop_nt of High-lnergy Solid Propellant

Formulations, Contract No. £Y 04(611)-8180.
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(2) Brush "17-Ktcron", Brush "17 _+ 5 micron", and General Astrosut41s

"400-mash" berylllum powders yleld aquLvalent performance in System 2 propel-

lants under the conditions studied.

(3) In the ranse studied, specific-impulse efficiency is a stroa$

function of mass-flow rate.

A more complete discussion of these effects, includins information on
1

double-base propellants, is available.

Substitution of Brush "17 + 5 micron" berylllum in Arcane 40CX for the

Brush "17-micron" beryllium in Arcane 40X resulted in no chan6e in the ballistic

properties. In Table X, the last Nven firings in chronological sequence (_3

to 621) were made with Arcane 40CX.

Table XI contains the complete static firing data for the 24 firin6o

of Arcane 40X. Attempts to correlate specific-impulse efficiencieo with beryl=

lium lot numbers have been unsuccessful. In sea-level ftrinss, the specific-

impulse efficiency from the static firth s of two grains containin 8 beryllium

from lot 14D was about 2 percent lower than that obtained with the other lots

tested, 11, 19S, and IV-9; one firing of a grain containing beryllium from batch

25 was about midway between the two groups_ A similar comparison among the al-

titude firings (neglecting the underexpanded cases) gives the same ranking, but

the effects of high expansion ratio somewhat overshadow the performance dif-

ferences, ioe., the same differences exist but the magnitude of difference is

decreased.

Two aluminum-containing control grains of Arcane 42 were static

fired in the program.

Firing Number

Chamber pressure, psla

Average Thrust, Ib

The results are summarized below:

242

604

5OO

248

707

610

Atlantic Research Corporation, Development of H£gh-lnergy Solid Propellant

Formulations. Quarterly Progress Leport No. 2, Contract AF 04(611)-8180,
June 1 through September 30, 1962o COI_IDgNTIAL.
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Firing Number 350 a 351 a 352a 218H-3

2 4/12/62
Grain Number 217H- 1 217H-2 21_JH-1

14D
Date Fired 4/24162 4/25/62 _/26/62

Beryllium Lot Number 14D 14D 14D 11.02

Weight, Pounds Ii. 12 II. I_ ii.03 623

Average chamber pressure,psia 535 639 697 13.41

Averase Exhaust pressure,psia 0.287 0.290 O.251 9.54

Expansion Ratio 38.6 47.2 _J.6 0.233

Burning Rate, in/set 0.236 0.237 O.241 5dO

Average thrust, pounds 725 745 760

b lb-sec/lb
Measured Isp ,

Analog i 286.8 290.5 296. 3

Analog 2 287.3 293.2 296.5 230"7

233.9
Digital I 287.2 290.6 295.4

232.3
Digital 2 267.9 294.7 297.4

270.2
Average 287.3 292.2 296.4

c ib-sec/ib 338.0 342.2 343.4 _5.95Theoretical Isp ,

Average Is_ efflciency d
per cen_ ' 85.00 05.39 86.31 94"58

C* efficiency, per cent 90.64 88.13 92.4t

3_7 386 3b9 575 611

252H-1 e 230H_I e 231H.I f 351H.2 e 349H.I f

5/22/62 5/22/62 5122/62 917/62 9/27/62

25 11 19s IV'9 Iv-9

I0"77 ll.o_ 11.12 10.67 10.67

644 660 570 526 711

i3.62 i2.76 17.17 i4.o9 i6.6d

9.67 l°'34 9.91 5.26 10.94

O.246 o,236 o.220 o.216 o.236

625 610 530 620 570

230.7

236.2

237.4

270.8

_7.69

96.11

225.8 232.8 234.4

" 225.1 233.0 234.4

242"7 226"7 232.6 234.7

241.0 224.7 231.7 234. 0

241.8 225.6 232.5 23_.4

274.0 255.7 261.2 266. 7

88.25 dd.23 b9.0l 87.30

97.22 92.57 92.75 96.99

a. Simulated altitude firings
b. Fifteen degree cone angle
c. Computed at the firing conditions, 0 degree cone

d. Measured I times i00 divided by the theoretica
e. Batch chec_Pmotors for another program (NASI-18_

f. Batch check motors for 17-inch spherical motors,
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Isp measured a, Ib-sac/lb

Isp theoretlcal b, ib-sec/lb

Isp efficiency, percent

216.2

240.3

90.0

224.6

2.52.6

88.9

e
15-desrae cone ansle.

b
Computed at the firing conditions, O-desree cone angle.

During the balance of the prosram, Arcane 42 mlxes were used to check

out cures, but no Stains were cast. Ten-pound beryllium stains were used as

batch check grains for the 150-pound motors.

CAr_ZE OF 17-ZZICd HOZ(_.S

8ix 150-pound meters 1mrs cast during the Prosram. The 17-inch

spherical steel case were lined with General Tire and lubber Company V-_ rub-

ber asbestos by Prewitt P3_stics Company, a subsidiary of Atlantic lesearcb

Corporation. The details o! liner preparation prior to casting and the cast-

ins operation iris1! at, included in Appendix C of this report.

Zn most cases, two mtus of propellant were made for uch lares motor

casein 8. These two mixes were then cast into the motor simultaneously. _ttch

303H (Arcane 42) and batch 349HIS (Arcane 40(:8), however, were each a st_le

larse m_x. Pertinent date on the propellant batches are sumsriud below:

Cur_
r;o_el_ant IJJi_LliJJJ_ Ds_oCsK TemperatUre O4ty|

Arcane 42 137R 12/15/61 120"Y 6_

Arcane 42 148H 1/17/62 125 6

Arcane 40 20511 3/21/62 135 5

Arcane 40]( 231H 4/25/62 135 7

Arcane 42 303H 7/10/62 135 5

Arcane 40CX 349H 8/10/62 135 5

r}3
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Physical property data and strand ballistic data determined from

sheets cast from these mixes are presented in Table Xll.

The grains were trimmed as described in Appendix B, and were sub-

Jected to radiographic examination. Two exposures were made perpendicular to

the equator and at 90 degrees to each other. In addition, tangential views

were obtained which helped to ascertain whether or not a good liner-to-pro-

pellant bond has been obtained. The heavy-walled steel case was heavier than

desirable for obtaining good resolution, but the plates were fairly clear.

These inspections showed no faults.

With each 17-inch motor cast, a 10-pound batch check motor was cast

using the same ingredients. This motor was static fired at Atlantic Research

Corporationts Pine Ridge plant prior to static firing of the large motor at

the North Carolina facility. Firing data for these motors are presented sep-

arately in Table XlII.

CONCLUSIONS AND RECOIOENI)AT_ONS

The processin 8 of polyurethane propellants fueled with beryllium is

not greatly different from similar operations carried out with aluminum-contain-

In8 polyurethane propellants. The major difficulty is the reactivity of the

metal° Whereas grades of aluminum currently employed in propellant manufacture

are essentially inert toward conventional polyurethane ingredients, certain

beryllium powders, or some constantly present impurity, inhibit polymerization

of the polyurethane. This retards, or, in some cases, prevents, the cure of the

propellant.

This difficulty can be overcome in two ways° One is the use of beryl-

lium classified to remove the great majority of powder less than I0 microns in

weight average particle diameter. Use of this powder greatly improves the reli-

abili.t¥ of cure° The second method involves prereactlng part of the glycol and

all of the isocyanate to form a prepolymero This system has a very good rell-

ability factor, The only drawback is the viscosity increase attendant with the
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use of a prepolymer which permlts propellant processln8 at no less than

20 percent binder. From s performance standpoint, however, there is little

difference. A slightly higher maximum theoretical specific impulse (283.1 vs.

282.4) is calculated at 20 percent binder than at 18 percent binder. Thim off-

sets the very slight difference in density at practical mass-to-volume ratios.

The combination of these two processes results in a propellant system

which is quite reliable. This ham been quite convincingly demonstrated in

other programs.

The static-firing data, although originally disappointing in character,

paved the way for significant advances in the understanding of the parameters

affecting propellant performance. Subsequent programs have shown that the effects

of mass-flow rate end nozzle expansion ratio are predominant in determining the

specific-impulse efficiency.

Any future work on high-performance propellants for large motors

should utilise the experience gained in this ptolram and concentrate on the

prepolymer-based propellant fueled with the specially classified beryllium

powder. Motor deslsns such that maximum mass-flow rates are possible will

undoubtedly result in significant performance enhancement.

77
=59"
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III. MOTOR COMPONENTS

INTRODUCTION

The primary objective of the program was the design of a 36-1nch-

diameter spherical rocket motor having as high a propellant mass fraction as

could be achieved. The components des'Igned for thls motor were to be eval-

uated by stress analysis and by the testing of 17-1nch-dianmter subscale motors.

Two types of subscale motors ware designed for test: a heavy-walledsteel motor

and i titanium motor of fllshtweisht wall thickness. The heavy-walled motors

were to be statlcflred toevaluite motor assembly techniques as well as the

design characterlstLcs of the major compoaemrj including the propellant grain,

the nozzle and hOagie-retention system, _kee.ase iniulationTliner material,

and the igniter. Tbe 17-inch titanium motors were to be used for hydrostatic

burst tests an4 for firings to prove the prototype motor case am4 the final

motor assembly design and procedure. Subscale nozzle components were to be

subjected to char_rate and hydrostatic proof pressure tests.

Propellant development is discussed in the preceding section of

this report; the design and development of the other major motor components

are discussed below.

IdOTOR CASE

The designs of the titanium and heavy-wa1_ed steel cases for the sub-

scale, 17-inch spherical motors are shown in F_are III-l. Both cases are

formed by welding a spherical segment onto a hemispherical shell having an

internal diameter of slightly greater than 17 inches. Each has an 8-inch-

diameter opening at the after end to allow the nozzle to be completely sub-

merged within the case. The steel unit, fabricated from AISI 4130 steel,

has a wall thickness of 0.075 inch. The titanium case consists of 6AL-4V

-61-
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titanium alloy and has a wall thickness of only 0.03 inch. Welded into the after

end of each case is a nozzle retention flange, drilled to accon_nodate 24 equally

spaced studs. To measure chamber pressure in static firings, two diametrically

opposed studs are removed and replaced with pressure taps.

Six steel and seven titanium cases were fabricated early in the pro-

gram. All six of the heavy-walledst_el motors wer_ fired in:static test; the

firing of titanium motors was prohibited by the depletion of contractual fund

allocations. The steel cases all successfully withstood a hydrostatic proof

pressure of 900 psi, applied for 3 minutes, prior to bei_g_IQaded for test..

No case problems were experienced in the six static firings.

One of the subscale titanium cases was subjected to a hydrostatic

burst pressure test at the Wyle Laboratories, E1Segundo, California. This

test was terminated prior to failure when the bolts holding the nozzle pressure

plate on the case failed at approximately 1,150 psig. At this pressure, a maxi-

mum case stress of 169,500 psi was recorded at the extreme after end of the case.

At the design motor proof pressure of 1,000 psi, a maximum stress of 138,700 psi

was recorded at a location 1.5 inches from the after plane. Since these stresses

corresponded to those predicted by theoretical calculations, it was concluded

that the titanium case was suitable for its intended application. A detailed

report covering the results of this pressure test, MED Report No. SR 205, was

submitted to the Jet Propulsion Laboratories in May 1962.

A 36-inch-diameter titanium spherical motor of minimum weight was

designed, and a stress analysis was completed in August 1962. The design

criteria for the case are listed below:

Minimum tensile strength at room temperature ..... 170,000 psi

Minimum yield strength at room temperature ....... 165,000 psi

Minimum yield strength at 150°F for short

term duration .................................. 155,000 psi

Membrane design stress ............................ 150,000 psi

Combined stress limit ............................ 155,000 psi

Design proof pressure ............................ 1,000 psi

Peak operating pressure ........................... 800 psi

Minimum margin of safety ......................... 0.25

-62-
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0.03 INCH
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FIGURE 2. TITANIUM MOTOR CASE
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m

J
0.515 INCH

SPHERICAL

0.076 INCH

I

Figure HI-1. Heavy-Wall Steel Motor Case.
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Data used in the stress analysis were derived from the design, fabrication,

and hydrostatic test of the 17-inch titanium spherical case. Details of the

analysis are shown in pages 2 through 13 of MED Report No. SR 207, included

as Appendix D.

CASE INSULATION MATERIAL

The insulation liner used in the six heavy-walled steel, 17_inch spheri-

cal motors was fabricated from Gen-Gard V-44 asbestos rubber, a product of the

General Tire and Rubber Company. This liner served to protect the case from

the extreme combustion temperatures associated with the Arcane propellants.

Prior to application of the insulation, the internal surface of the

motor case was sanded with 50-grit sandpaper to remove rust and foreign matter.

The surface was then thoroughly cleaned with methyl ethyl ketone. A coat of

Bloomingdo/eRubber Company's No. 305 adhesive was applied to the prepared sur-

face and cured for I0 minutes at 300°F. With the case still hot, the surface

was first coated with V-44 rubber emulsified with methyl ethyl ketone and then

covered with strips of the V-44 insulation. A rubber bladder was then insert-

ed into the case and pressurised to 100 psi to ensure intimate contact between

the strips and the case surface. This assembly was then heated for i hour at

300°F to vulcanize the rubber sheets. After this period, the assembly was al-

lowed to cool to room temperature, and the rubber bladder was removed. The

lined case was then visually inspected for insulation flaws or other defects_

The insulation thickness and the total insulated surface were varied in the

six heavy-walled cases todetermine the optimum insulation thickness and area

required to protect the case during motor operation.

NOZZLE

The nozzle was designed to be completely submerged within the motor

case and to be retained by attachments fastened to the motor case by means

of the studs in the case flange. The essential parts of the nozzle are a
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molded asbestos-phenolic cone and a graphite nozzle-throat insert. The pre-

liminary nozzle design for the prototype titanium motor is shown in Figure

111-2. The nozzle in this design is contoured and incorporates a diffuser

section affording a greater nozzle expansion ratio. The material selected

for the phenolic cone was Raybestos-Manhattan 150 RPD, which has an ulti-

mate compression stress of 26,000 psi and an ultimate tensile stress of

6850 psi. The stress analysis for the minin_um weight nozzle designed for

the full-scale, 36-inch-diameter motor is included in pages 14 through 25 of

MED Report No. SR 207, attached as Appendix D.

Early in the program, a test was devised to obtain char-rate data

with a heavy test nozzle made from the 150 RPD material. This test failed

when the special test motor over-pressurized and sheared the retaining rings

holding the nozzle adapter in place. The test, however, appeared to have

proven the structural integrity of the nozzle and nozzle-retention system

since the failure occurred at a pressure of 1,500psi, a value almost twice

that of the expected peak motor operating pressure. A nozzle system of the

same design was therefore consigned for use in static firing 17S-I.

The nozzle used in 17S-I consisted of a 150 RPD asbestos-phenolic

cone with an integral retention flange and a graphite liner bonded to the en-

tire internal surface of the cone. The only significant difference between

this system and the one employed in the char-rate test was in the retention

rings placed between the stud nuts and the nozzle flange. In the char-rate

test, these rings consisted of a i/2-inch phenolic ring and a I/4-inch steel

ring, both of which covered the entire flange surface to the graphite liner

interface° In firing 17S-I, however, only a 1/16-inch steel ring was used

to cover the area irmnediately around the studs. The firing resulted in

nozzle expulsion after i second of burning at an approximate chamber pres-

sure of 420 psi. A similar failure occurred upon ignition in a subsequent

firing, test 17SX-2.

After the second expulsion of a nozzle during static test, two

150 RPD asbestos-phenolic cones were hydrostatically pressure tested. At

approximately 400 psi, these nozzles failed in tension at a location opposite
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the O-ring groove, about I inch forward of the nozzle exit plane. The re-

sultant cracks propagated completely around the internal conical surface of

the nozzles as shown in Figures 111-3 and 111-4.

It was concluded from the pressure tests that the nozzles in firings

17S-I and 17SX-2 had also failed under tensile pressure. The thicker plates

used in the char-rate test had apparently prevented a similar failure from

occurring in the char-rate test. Hence, the nozzle was redesigned to incorpo-

rate a heavy steel retaining ring in place of the integral flange on the

asbestos-phenollc cone. A nozzle of this design was proof tested under a hydro-

static pressure of 900 psi applied for 1 minute; there was no evidence of

damage to either the nozzle or its retention system. Figures depicting the

various design stages of the nozzle for the 17-inch subscale motors are in-

cluded in Section IV of this report.

As a result of the char thicknesses and erosion measured in expended

motors after firing, it became evident that the wall thickness of the 150 RPD

nozzle cone could be reduced. Hence, a hydrostatic pressure test was performed

on a llghtweight nozzle cone with an aluminum retaining ring. This cone was

held in place in the prelmure vessel as shown in Figure III-5. At a pressure

of 750 psi, the nozzle failed at the O-ring groove as the result of a bending

moment induced at the outer edge of the after end of the nozzle exit cone.

This bending moment was produced by the unexpected yielding and deformation

of the aluminum retaining ring sad the consequent shifting of the load to the

outer periphery of the nozzle. A photograph of the failed cone is presented

in Figure 111-6. Subsequent analysis by the discontinuity theory clearly

predicted a similar failure under actual loading conditions.

NOZZLE CONTOUR STUDY FOR 36-_N_ SPHERICAL MOTOR

Five optimum nozzle contours were designed according to the method of

G.V.R. Rao I. The expansion process was assumed to occur with temperature and

iRao, G.V.R., "Exhaust Nozzle Contour for Optimum Thrust," Jet Prop.

No. 6, June 1958, pp. 377-382.
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velocity equilibrium existing between the liquid and gaseous phases in the com-

bustion products. This assumption was necessary in that the application of the

design method is valid only for an isentropic flow process. A ratio of specific

heats representative of the two-phase mixture was used in the design of the con-

tours. Fortunately, the geometry of the optimum contours i8 not sensitive to the

choice of this ratio I. All of the optimum contours were designed for vacuum op-

eration. The performance of the five contours was evaluated assuming isentropic

flow and a gas composition frozen at chamber conditions. The thrust produced by

each of the nozzles was determined from the nozzle-flow field as generated by the

method of characteristics. The thrust thus obtained was divided by the one-

dimensional thrust obtained under the same assumptions and at the same area ratio.

This quotient is then a measure of the thrust momentum lost to the radial com-

ponent of the flow velocity. Also inferred in the application of thls efficiency

to the two-phase flow is the assumption that the particle radial velocity lags in

the actual flow are negligible at the nozzle exit and at the two-phase gas stream-

lines are coincident with the computed no-lags streamlines. A paper by Winer and

Morey 2 lends some validity to this assumption. Figure III-7 shows the results of

this calculation.

The loss in delivered performance due to temperature and velocity dif-

ferences between the two phases present in the exhaust gases was obtained by

3,6
computing the one-dimensional two-phase flow field. Several published works

are available presenting the derivation of the equations descrlbin 8 the isen-

tropic expansion of the two-phase flow. The integration of these equations is

a straightforward process on a high-speed electronic computer. The specific

impulse figure thus obtained was divided by the one-dlmensional no-lags impulse

iRao, G.V.R., "Optimum Thrust Performance of Contoured Nozzlas." Paper pre-

sented at Liquid Propellant Information Agency Conference, December 1959.

2Winer, Richard, and L. Moray, "Nozzle Design for Solid Propellant Rockets."

Presented at the Solid Propellant locket Research Conference, Princeton Uni-

versity, Princeton, N.J., January 28-29, 1960.

3Kliegel, J.R., "One Dimensional Flow of a Gas Particle System." Institute of

Aeronautical Sciences, Preprint No. 60-5, January 25, 1960.

4Bailey " American Rocket, W.S., "Gas Particle Flow in an Axisynm_etric Nozzle,

Society Journal. June 1961, pp. 793-798.
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Figure m-4. Nozzle After Hydrostatic Pressure Test NOo 2
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Figure m'- 5.
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Figure III-6. Molded 150 RPD Nozzle Cone Tested to Failure
Under Hydrostatic Pressure of 750 psi.
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obtained previously, thus providing a measure of the lag losses. As pointed
1

out by Kliegel the one-dlmensional calculation leads to results which are

quantitatively as good as the results from the more difficult axlsymmetrlc

calculation. Figure III-8 shows the variation of lag efficiency with area

ratio for the optimum contours.

Figure III-9 shows the calculated ideal impulse and the expected

delivered impulse. The ideal impulse is computed assuming shifting chemical

equilibrium, one-dlmensional flow, and no lags and represents the maximum im-

pulse obtainable from the propellant formulation, An assumed combustion ef-

ficiency of 95 percent and a heat and momentum boundary layer loss of 1/2 per-

cent, along with the lag and radial momentum losses, constitute the major

losses which combine to provide an expected over-all efficiency. The over-

all efficiency is applied to the ideal specific impulse to give the expected

delivered specific impulse shown in Figure 111-9.

Figure III-i0 shows the variation of nozzle structure weight with

nozzle length for the optimum contours. The structure weights were obtained

by laying the five contours on an assembly drawing of the motor. No attempt

was made to optimize the nozzle retention structure with respect to flange

diameter. This penalizes the shorter nozzles to some degree because the area

varies more slowly with length in the shorter nozzles, thus allowing the short

nozzles to penetrate more deeply into the motor. The weight of the internal

nozzle structure is necessarily heavier than the external structure since the

exhaust gases contact both the inner and outer surfaces of the nozzle.

Figure III-Ii shows the calculated payload and total up-stage weight

variation with nozzle length. These calculations include all motor hardware in

the final configuration but do not include interstage coupling and aerodynamic

fairings. These weights would in any case be charged to the payload of the

previous stage assuming they are jettisoned or left behind upon stage ignition°

The conditions for the optimization are as follows:

Velocity increment .......... 8,430 ft/sec

Maximum total up-stage weight .... 2,500 pounds

iKliegel, J.R., and Ganz Nlckerson, "Flow of Gas-Particle Mixtures in Axially

Symmetric Nozzles." American Rocket Society Conference on Propellants and Com-

bustion and Signal Rockets, Palm Beach, April 26, 1961.
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Inert parts weight (less nozzle)

Case ..... ......... 44.4 pounds

Studs .............. 0.43 pound

Insulation ........... Ii.00 pounds

Attachment lugs ......... 15.75 pounds

Fuel weight ............. 1,280 pounds

It is evident from Figure III-Ii that the optimum nozzle length lles outside

of the stage space envelope. A nozzle having a length of approximately 25

inches was chosen for the final design. This choice results in a payload

capability of 787 pounds and a stage gross weight of 2,178 pounds. Since the

resulting total up-stage weight is less than the maximum allowable, it may

be advisable to extend the stage envelope by adding additional interstage

structure. This decision depends on a performance evaluation of the entire

system; however, the information provided can be used in making such a decision.

Figure III-12 shows the evaluated performance of a conical contour

of the same length as the chosen Rao contour. Several nozzle half-angles were

used in the calculations to determine the best performing conical contour, As

can be seen, the Rao contour outperforms the best conical nozzle by a little

more than 2 percent. This difference is greater than that reported in similar

investigations IP2, and is probably optimistic by 0.5 percent.

ATTACHMENT LUG FO R THE 36-1NCH SPHERICAL MOTOR

A subscale attachment lug was tested to obtain the information re-

quired to determine the contact area for the lug to be used on the 36-inch

spherical motor. The lug dimension scaling ratio was 2:1, and the load

scaling ratio was 4:1.

Iwiner, Richard and L. Moray. '_ozzle Design for Solid Propellant Rockets'."

Presented at the Solid Propellant Rocket Research Conference, Princeton

University, Princeton, N.J., Jan. 28-29, 1960.

2Bloomer, Harry E., et al.a "Experimental Study of Effects of Geometric

Variables on Performance of Contoured Rocket Englne Exhaust Nozzles."

NASA TN-DII81, January 1962.
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The lug was fabricated from aluminum sheet, formed into a conical

shape having a flared footing as the contact area, as shown in Figure III-13.

The footing was cold bonded to an 8.5-inch-radius titanium hemisphere with

F-1000 Film Adhesive, manufactured by the Bloomingdale Rubber Company.

A load was applied to the lug to simulate the actual flight loading

conditions. The test lug failed under a load of 1,365 pounds; the actual

subscale load, based on an estimate of final motor weight, is 1,250 pounds.

Strain-gage data indicated a maximum skin stress in the hemisphere of approxi-

mately7,000 psi, a value in excess of the 5,000-psi stress allowable in addi-

tlon to the maximum skin stress produced by the motor operating pressure.

Thls _000-psi stress could be reduced by increasing and Judiciously pro-

portioning the footing area. The cold-bonding technique was shown to be ac-

ceptable for use in the full-scale attachment lug design. A detailed analysis

of thls test is included in pages 26 through 38 of M_D Report No. SR 207, at-

tached as Appendix D.

The design criteria established by the Jet Propulsion Laboratory

included a provlelo_ for an Ignltor which would rellably ignite the spherical

motor under vacuum conditions. It was requested that the vacuum capability

of the igniter be demonstrated prior to its use in a static firing. To ac-

complish this task, igniter components with a proven history of vacuum per-

formance were selected for evaluation. Thus, a U. S. Flare 908B squib was

selected because of its relatively high no-fire current of 0.7 ampere and

because it had been extensively tested and qualified by the U. S. Flare Divi-

sion of Atlantic Research Corporation and by the Aerojet Corporation for use

at high altitudes on the Titan missile. For the main ignition charge, it was

decided to use either the standard U. S. Flare 2D boron-potassium nitrate

pellets or pellets composed of boron and barium chromate. The former was

selected as a candidate material because of its successful history of extensive
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use throughout the igniter industry in a variety of applications. The boron-

barium chromate material was chosen because it produces relatively small

quantities of gas and would therefore be less sensitive to altitude effects.

The initial igniters were toroidal in shape and constructed from a

nylon tube loaded with two squibs and the candidate pellet charges. The nylon

tubing was 5/8 inch in outside diameter and 3/8 inch in inside diameter and

was bent into a circle approximately 6 inches in diameter. Ten holes were

drilled into the tube at such an angle that the emerging flame would impinge

on the propellant surface at the extreme after end of the motor behind the sub-

merged nozzle cone. In this manner, the remaining propellant surface would

be ignited as the initial gas products flowed around the back of the cone to

the exhaust side of the nozzle. The igniter was designed to be bonded to the

nozzle of the spherical motor in such a position as not to interfere with the

propellant grain.

An initial series of five igniter firings were conducted at sea level

to determine the most favorable of the candidate charges. The igniters were

all fired vertically; three of the firings were visually observed. A flame

pattern approximately 8 feet high emerged almost immediately upon application

of current. The physical integrity of the nylon tube was not disturbed. As

a result of these tests, a charge of between i0 to 15 grams of 2D pellets was

selected. The boron-barium chromate material was rejected because of insuf-

ficient reproducibility. Two other igniters were then loaded and successfully

fired under vacuum conditions in an altitude test chamber. As the 17-inch

spherical motors were static fired, however, it became apparent that the ig-

nition system described above was resulting in excessive ignition delays.

Therefore, it was decided to develop an integral nozzle closure and igniter

to correct this problem. Because of the lack of funds, however, it was im-

possible to complete this portion of the igniter development program.
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to Failure at 1365 Pounds,
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CONCLUSIONS

At the termination of developmental testing, all of the major motor

components, except the igniter, had been proven acceptable for incorporation

into the prototype spherical motor design. The titanium case design was

proven by stress analysis and hydrostatic pressure testing and by the success

of the heavy-wal_d subscale motors in static test. The V-44 insulation liner

was also shown to be satisfactory in the static firing program. The design

of the nozzle for the 36-inch spherical motor was modified so that the re-

tention flange is included as part of the diffuser section rather than as an

integral part of the submerged nozzle cone. Hence, the cause of nozzle ex-

pulsion problems has been eliminated. It i8 expected that a satisfactory inte-

gral nozzle closure and igniter could be developed with little difficulty.

A propellant mass fraction of 0.922 is currently calculated for the

prototype 36-inch spherical motor assembly.

is listed below.

Motor Case ................

Studs ...................

Nuts ....................

Nosmle Ratentlon Ring ...........

Nozzle ...................

A breakdown of component weights

Weight

42.5

0.4

0.I

8.5

39.0

Insulation ................. 17.5

Propellant ................ I_280.0

Igniter .................. 0.3

1,388.3

A further weight reduction in nozzle components is considered to be a feasible

approach in attaining an even higher fraction.
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IV. STATIC FIRING OF SUBSCALE MOTORS

SUMMARY OF RESULTS

Six heavy-walled steel, 17-inch spherical subscale motors were

static fired during the development program. Three of these were loaded with

beryllium-containing propellants of the Arcane 40 series; the rematnAng three

contained Arcane 42 propellant, the aluminum analogue of Arcane 40. The lat-

ter motors were fired to evaluate motor components and assembly techniques

without the introduction of a propellant performance variable. The firing

results are summarized below.

Test Firing Arcane

No. Da_e No.

17S-1 12/27/61 42

17S-2 1/17/62 42

17SX-1 4/9/62 40

17SX-2 5/31/62 40X

17S-3 7/10/62 42

17SX-3 10/11/62 40CX

__ r

Test

It_sults

Nozzle expelled at 1 second

Successful; burned for 22 seconds

Nozzle insert and liner expelled
at.19 seconds

Nozzle expelled on ignition

Successful; burned for 18.7
seconds

Case ruptured on ignition after

20-second hang-fire

TEST 17S-1

Thls first heavy-walled spherical test motor was loaded wlth Ar-

cane 42, aluminum-containing propellant and fired in December 1961. The
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test objectives were to evaluate the grain design, ignition characteristics,

prototype liner material, and general assembly techniques. The motor assembly

is shown in Figure IV-I.

Prior to the installation of the thermal insulation liner, the

motor case was subjected to a hydrostatic proof-pressure test of 900 psi

applied for three minutes. After application of the V-44 asbestos rubber

liner, polyurethane foam with a density of approximately 4 ib/ft 3 was placed

in the after end of the motor. Adjacent to the polyurethane foam on its

forward side was bonded a wedge of neoprene foam as shown in Figure IV-I.

The exposed surfaces of the motor case liner and the neoprene were then

coated with a primer composed of two parts 40X-415 Stanley primer and one

part 79R-192 Stanley thinner, both manufactured by the Stanley Chemical Cor-

poration. The first coat was allowed to air dry and then a second coat was

applied and cured two hours at 50°C. The same surface was then coated with

polyurethane PUX-251 and allowed to cure at room temperature for a minimum

of four hours. Arcane 42 propellant batch 137H was cast into the motor and

subsequently cured for three days at 125°F plus two days at 140°F.

Static test 17S-I was conducted on December 27, 1961, at Atlantic

Research Corporation's Pine Ridge Test Facility at Gainesville, Virginia.

The nozzle was expelled after approximately .1 second of burning. An ap-

proximate chamber pressure of 420 psi was attained immediately prior to

failure. The cause of failure was attributed at that time to a combination

of insufficient engagement of the threads on the nozzle retention studs and

of incorrect stud material. The minimum yield strength of the studs was de-

termined to be 45,000 psi rather than the 90,000 psi specified by design.

Subsequent testing of nozzles of similar design indicated, however, that

the primary source of failure was in the nozzle material itself. It was

demonstrated in these tests that the nozzle fails in tension at a chamber

pressure of approximately 400 psi with cracks appearing in the asbestos-

phenolic immediately opposite the O-rlng groove at the after end of _he nozzle.

The nozzle problem is discussed in detail in the Motor Component section of

this report.
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The deficiency in nozzle design was obscured in test 17S-1 since

it was impossible to determine whether the nozzle had broken-up prior or

subsequent to expulsion. Hence, the only corrective action taken at that

time was to ensure that the following motors were fitted with longer studs

of design strength.

RST 17s- 

The second heavy-walled motor, which also contained aluminized

Arcane 42 propellant, was fired to evaluate the grain design, ignition

characteristics, prototype liner material, and general assembly techniques

for the 17-inch spherical motor. The motor assembly of this unit is shown

in Figure IV-2.

The case was accepted for test after having passed the 900-psi

proof-pressure test. Subsequent to being lined with the V-_ asbestos

rubber, the case assembly was inspected and found to be normal and free of

defects. The liner in this unit covered the entire internaI surface of the

case. The thickne|s varied from 0.060 inch at the forward end to 0.250 inch

at the flansad nos|le opanir_. An insulation tins of 1/4-inch thickness was

bonded around the opanins to provide an additional heat shield for the nozzle

O-rlng.

Prior to the casting of the propellant, polyurethane foam, having

• density of appr_imataly 4 lb/ft 3, was placed in the motor to afford an

i_nition surface at the noe|le end of the grain. The internal surface of

the liner, up to but excluding the foam, was then coated with Stanley primer°

The first coat was allowed to air dry, after which a second coat was applied

and allowed to cure _2 hour_ at 50"C. The surface was then coated with two

applications of PUX-251 and allowed to cure at room temperature for 4 hou#s.
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On January 17, 1951, Arcane 42 propellant batch 148H was cast into

the motor and subsequently cured for approximately six days at 125°F. No

defects in the cured grain were disclosed in visual and radiographic exami-

nations. The motor, after removal of the casting mandrel, is Bhown in

Figure IV-3.

To ensure against a second nozzle failure, the motor was assembled

with a heavy steel external nozzle having anATJ graphite throat insert and

an asbestos-phenolic entrance section. The submerged no£zle was not used

because of the i, nadiate necessity of evaluating propellant performance and

the other motor components in a firing of full duration.

Firing number 17S-2 was conducted on February 7, 1962, at Atlantic

Research Corporation's test facility at Corolla, North Carolina. The motor

was ignited with the toroidal igniter described in the Motor Component

section of this report. After a 3.9-second delay, motor burning initiated

and continued without incident for 22.53 second|. The ballistic data and

curves from this firing are presented in Table I and Figure IV-4. The curves

exhibited a sharp regressive tendency during the latter half of the firing.

The expended motor case was subsequently sectioned for visual

examination; a photograph of the sectioned motor is presented in Figure IV-5.

This examination revealed that the web at the base of the internal perforation

had burned through prior to the web along the sides of the perforation. This

phenomenom explained, at least partially, the regreasion observed during the

latter part of burning. The casting mandrel setup was checked to ensure that

the mandrel could not have been displaced during the casting operation. A

change in grain design was then affected to increase the web thickness at

the base of the perforation by 1/2 inch.

The analy|i| of expended parts also indicated that a substantial

reduction in the thickness of the thermal insulation liner was possible.

This change, however, was postponed until more definitive data could be

obtained.
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Figure IV-3. Seventeen-Inch Spherical Motor
After Removal From Mandrel.
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Figure IV-5. Seventeen-Inch Spherical Motor After Firing.
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TABLE I

STATIC FIRING DATA FOR 17-INCH SPHERICAL MOTOR

Grain number ...................... 148H-I

Propellant ......................... Arcane 42

Average pressure, psi ................... 576.9

Burning time, seconds ................... 22.53

Burning rate, in/sec .................... 0.227

Discharge coefficient, Ib/ib-sec .............. 0.006769

Total impulse, Ib-sec .................. 26,988

Average thrust, pounds ................... 1,173

Specific impulse, ib-sec/ib ................. 213

Ignition delay, seconds .................. 3.9

P/.J
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TEST 17SX- I

The first heavy-walled spherical motor loaded with beryllium-

containing propellant was static fired in April 1962. This motor was fired

to evaluate the internal ballistics, prototype nozzle material, propellant,

liner material, and igniter for the 17-inch-diameter design. The motor as-

sembly is shown in Figure IV-6o

The motor case was found acceptable in visual and dimensional in-

spections and in the 900-psi hydrostatic pressure test conducted prior to

loading. The asbestos rubber liner was installed to the same dimensions as

the liner used in the motor of test 17S-2; the lined case appeared to be

normal and free from defects. Polyurethane foam, Stanley primer, and PUX-251

were then placed in the motor case in the same manner as in the previous motor.

On March 21, 1962, Arcane 40 propellant batch 205H was cast into

the motor and subsequently cured for approximately six days at 125°F. The

cure appeared to be marginal, and propellant surface defects were noted as

shown in Figure IV-7. These defects were caused by a surface layer of tacky

propellant sticking to the mandrel during the curing operation. Although

this tacky consistency was eliminated as post curing occurred during ex-

posure to ambient conditions, the propellant grain surface was left in a

rather pitted condition°

The nozzle used in this firing was of the same design as that used

in firing 17S-I except for minor differences in the graphite throat insert

and liner assembly. The nozzle retention rings, however, differed signi-

ficantly. The small steel ring used in 17S-I was replaced with two larger

rings: a I/4-inch-thick phenolic ring supported by a 1/16-inch-thick steel

ring. Both rings extended over the asbestos-phenolic flange and the graphite

liner; in 17S-I, the ring covered only a portion of the flange.

Static test 17SX-I was conducted on April 9,1962, at Atlantic Re-

search Corporation's test facility at Corolla, North Carolina. Ignition was

accomplished by means of the prototype torus igniter. After an ignition
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I16



ATLANTIC RIrliIrAIqCH COMIIQMAI"ION

AL|XAN OR|A, VIMIIINIA ARC-SR-23AI

delay of approximately 1.5 seconds, the motor burned for 19.18 seconds, at

which time the nozzle insert and liner were expelled. The thrust-time curve

and ballistic data are presented in Figure IV-8 and Table II. No pressure

data were recorded for this firing because of a stoppage in the pressure

lines. It had been requested by the Jet Propulsion Laboratory that the pres-

sure taps be manifolded so that a nitrogen-purge system could be used inxne-

diately after the firing to quench any burning of the insulation. Because

of the nature of this system, the pressure lines could not be filled with

vacuum grease and consequently became clogged.

A post-firing examination disclosed that the entire entrance portion

of the nozzle assembly was lost during the firing, as shown in Figure IV-9°

The erratic nature of the firing trace indicates that deterioration of the

nozzle and expulsion of material began after approximately 8 seconds of

burning. A redesign of the nozzle was initiated to eliminate the graphite

liner and replace it with a material with more structural strength. In the

first design submitted to JPL for approval, the graphite sleeve was replaced

with a graphite cloth bonded to the asbestos-phenolic cone. This design was

rejected by JPL because of previous problems encountered in the use of simi-

lar nozzles. A second design was then agreed upon by JPL and ARC in which

the asbestos-phenolic cone was increased in thickness and the graphite

material was completely eliminated. No change was made in the surface con-

figuration of the phenolic cone. This design also incorporated the AHDG

graphite throat insert and nozzle entrance section as an integral part to

be bonded to the phenolic cone. The interface of the phenolic and graphite

is then wrapped with graphite cloth for thermal protection and to prevent

dislocation of the insert during firing. The approved nozzle design is

shown in Figure IV-10.

A reduction in the thickness of the motor thermal insulation

liner was effected after post-firlng inspection again disclosed that the

insulator was more than adequate. The increase in web thickness at the bot-

tom of the grain perforation appeared to have resulted in uniform burning

characteristics.

l/q
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TABLE II

BALLISTIC DATA SUMMARY

17-1NCH SPHERICAL MOTOR TEST 17SX-1

Arcane 40 Propellant

Grain No. 205H-1

Ignition Delay, td, sec

Ignition Time, ti, sec

Burning Time, tb, sec

Action Time, t , sec
a

Time to Failure, sec

Total Impulse, Ia, Ib-se¢

Specific Impulse, I , ib-sec/Ib
sp

Average Thrust, Fa, pounds

Maximum Thrust, Fmax, pounds

1.458

0.172

19.209

21.699

19.182

23,216

195.85

1,070

1,240

Definitions

td, time from ignition current applied to first indication of thrust on

startup

tl, time from first indication of thrust to 75 percent maximum thrust on

startup

tb, time from 75 percent maximum thrust on startup to corresponding thrust

on tailoff

t
a'

time from I0 percent maximum throst on startup to corresponding thrust

on tai]off

la, impulse over action time limits
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Firing 178Xo 1 with
Missing Forward Section.
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T sz 17s -2

The second heavy-walled spherical motor loaded with beryllium-

containing propellant was static fired in May 1962 in test 17SX-2. The

assembly of this motor is shown in Figure IV-II.

The motor case was found to be acceptable in visual and dimensional

inspections and in a hydrostatic pressure test performed by the manufacturer.

The motor case was lined with V-44 asbestos rubber; a visual inspection

showed the lined case to be normal and free from defects. In contrast to

previous units, the rubber insulation did not cover the entire internal

surface of the motor case. The thickness of the insulation varied from 0.125

inch at the motor case flange to approximately 0.010 inch at a location ap-

proximately 11.125 inches below the flange. The lower quarter of the surface

area of the motor case was left uncovered. In addition, there was a i/4-inch

ring of V-44 insulation material bonded in the flanged opening to serve as a

thermal protector for the nozzle O-ring. The polyurethane foam, Stanley

primer, and PUX-251 were then installed in the case assembly in the same

manner as previously discussed.

On April 24, 1962, beryllium-containing Arcane 40X propellant batch

number 231H_ was cast into the motor and subsequently cured for three days

at 125°F and seven days at 135°F. The grain cure appeared to be satisfactory°

A radiographic examination of the loaded motor showed no evidence of pro-

pellant separation or cracks; however, there were indications of porosity in

one area of the grain. The extent of the porous area was not considered suf-

ficient to be detrimental to motor performance. The motor incorporated a

torus igniter containing two U. S. Flare 908B squibs and 18 grams of U. S.

Flare 2D ignition pellets. The nozzle was of the revised design described

under _est 17SX-I and shown in Figure IV-10.

Static test 17SX-2 was conducted at Atlantic Research Corporation's

Corolla, North Carolina, facility on May 31,_1962. After approximately a 2.1-

second ignition delay, the motor ignited and the heavy nozzle was immediately
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expelled. The propellant subsequently burned for approximately 2 minutes at

ambient conditions, and eventually burned a hole through the motor case wall.

The nozzle was broken between the conical body and the flange. The conical

portion, shown in Figure IV-12, was found approximately 300 feet from the

test stand, but the flange portion was not recovered i_mediately after the

test. A small piece of the flange was later recovered and is shown in

Figure IV- 13.

The available ballistic data and the pressure and thrust versus

time curves are shown in Figure IV-14. The data correlation between the two

pressure transducers was not satisfactory. One transducer indicated a peak

pressure of approximately 750 psia; the other recorded a peak of approxi-

mately I,i00 psiao In view of the fast rise time, it may be assumed that

the response from one transducer was lagging the other by a small increment.

To clarify the mode of failure in this test, two nozzles of the

design used in 17SX-2 were hydrostatically pressure tested as discussed in

Section III of this report. These tests indicated that tensile failure of

the nozzle occurs at a chamber pressure of approximately 400 psi. Hence,

the nozzle was redesigned to incorporate a heavy steel retaining ring in

place of the integral flange. A nozzle of this design was fabricated and

successfully subjected to a hydrostatic pressure of 900 psi.

TEST 17S-3

The purpose of firing 17S-3 was to evaluate: (i) the redesigned

nozzle and retention system; (2) a new integral nozzle-closure and ignition

system. The heavy-walled steel, 17°inch spherical motor was loaded with

Arcane 42 propellant, the aluminum-contalning analogue of Arcane 40X, and

fired in July 1962. The motor assembly is shown in Figure IV-15.

To reduce the excessive ignition delays which had been experienced

in previous firings, an integral nozzle closure and igniter was developed
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Figure IV-12. Nozzle from Firing Test 17SX-2 Showing
Break Immediately Above "O"-Rtng Groove.
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Ballistic Data Summary--17-inch Spherical Motor Test 17SX-2.
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for use on this motor. A system of this kind was designed, fabricated, and

successfully tested for functioning char&cterSstlcs. The assembly is shown

in Figure IV-16.

The motor case for firing 17S-3 was found acceptable in vlsual

and dimensional inspections and in the 900-psi hydrostatic pressure test.

The Jet Propulsion Laboratory requested that the insulation liner used for

this motor be of the same dimensions used initially in the program to reduce

the possibility of failure by burn-through. The V-44 insulation was installed

to the same dimensions as those used for the liner on firing 17S-2, inspected,

and found to be acceptable. The polyurethane foam, Stanley primer, and PUX-

251 were then installed in the same manner as previously described.

On July I0, Z962_ the motor was loaded with Atlantic Research Cor-

poration's Arcane 42 alumlnum-containlng propellant, batch number 303H.

The grain was cured for five days at 135°F to 140°F and subsequently sub-

Jected to a radiographic inspection, which revealed no grain defects. Fir-

ing 17S-3 was conducted at Atlantic Research Corporation's facility at

Corolla, North Caroline, on July 29, 1962, under simulated altitude condi-

tlo_s. The pressure and thrust characteristics, neutral during the first

9"slccmdg-'of_u_t_.;y, became predominantly regressive during the latter

half of the firing. The pressure reached a peak of 840 psi at _ seconds:

and then dropped to 540 psi at tail-off; the average pressure over the action

time was 712 psi. The 18.7-second action time was approximately 3 seconds

shorter than had been anticipated. This was attributed to the high burning

rate resulting from the unexpectedly high pressure experienced during the

first half of the firing and because the physical dimensions of the grain

were smaller as a result of thicker insulatlon, The severe regressivlty

was at least partially a result of nozzle throat erosion. The throat

diameter after firing varied from 0.060 to 0.080 inch greater than the

initial diameter of 1.304 inches. Ballistic data are presented in Figure

IV-17.

I_'_
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The nozzle and nozzle retention system maintained their structural

integrity throughout the firing. Photographs of the nozzle and of the meg-

mented nozzle body are shown in Figures IV-18 and IV-19. As shown by the

latter photograph, the material thickness of the nozzle could be reduced

appreciably without affecting motor safety. The char rate of the 150 RPI)

asbestos phenolic was approximately 0.054 in/sec on the side of the nozzle

subjected to exhaust and approximately 0.96 in/sec on the opposite side.

The integral nozzle closure and igniter assembly failed to function

as expected: the igniter was expelled too quickly to effect propellant ig-

nition. It was necessary to ignite the motor with approximately 20 grams of

U. S. Flare 2D ignition pellets, retained in a polyethylene bag, and a U. S.

Flare 908B squib. Had funds been available to continue the development of

the igniter, the next step would have been to increase that portion of the

igniter which extends past the closure into the motor. Radial holes could

then be drilled in the igniter, thereby reducing the load on the closure

as the igniter functions.

TEST 17SX-3

The sixth heavy-walled steel, 17-inch spherical motor was fired in

test 175X-3 as a final evaluation of the beryllium-containing propellant

system. The motor assembly was identical to that shown in Figure IV-15

for test 17S-3.

The motor case for firing 17SX-3 was found to be acceptable in

visual and dimensional inspections and in the 900-psi hydrostatic pressure

test conducted prior to loading. The interior of the m_tor case was sub-

sequently insulated with V-44 asbestos rubber and inspected for any ab-

normalities or defects. The inspection showed the liner to be normal and

free from defects. Again the thick-walled insulation liner was used since

it was desirable to keep the variables at a minimum. After the liner was

installed, the polyurethane foam, Stanley primer, and PUX-251 were placed
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Figure IV-18, Two Views of Nozzle and Nozzle Insert
from Spherical Motor Firing 17S-3.
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into the lined case as in previous motors. The motor was then loaded with

Arcane 40CX propellant batch number 349KI on August 8, 1962. The grain was

cured for five days at 135°F to 140°F. The motor was then subjected to a

radiographic inspection, and no apparent grain defects were observed. A

nozzle of the same design as that used in test 17S-3 firing was used in this

motor, even though a material reduction could have been safely accomplished.

The igniter consisted of 20 grams of U. S. Flare 2D pellets, retained in a

polyethylene bag, and two U. S. Flare 908B squibs. It was necessary to use

this ignition system because of monetary considerations.

The motor was static tested at the Corolla, North Carolina,

facility on October ii, 1962. After initiation of the igniter, the motor

failed to ignite for approximately 20 seconds. At that time, the motor over-

pressurized, the case ruptured, and the nozzle was expelled. The nozzle was

recovered intact and, except for a chipped graphite insert, showed no ap-

parent damage. The ballistic recorders were inadvertently turned off ap-

proximately i0 seconds after igniter initiation. Consequently, it has been

difficult to accurately determine the cause of over-pressurization. The motor

had been stored in an uncontrolled atmosphere prior to static firing for a

month and a half after radiographic inspection. Hence, it is possible that

grain defects could have developed during this period as a result of tem-

perature changes. It is suspected, however, that the gradual build-up of

propellant gases during the long hang-fire situation created an explosive

atmosphere which caused the motor to fall on ignition.

RECG[_[ENDATIONS FOR FUTURE ,TESTING

Further developmental testing of the integral nozzle closure and

igniter would be required prior to the completion of the heavy-walled sub-

scale motor test program. It is recommended that a series of preliminary
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ignition studies be conducted in small test motors containing only enough

propellant to duplicate the actual propellant surface used in the 17-1nch

motor. After an igniter design was demonstrated to be satisfactory, a final

heavy-walled steel; subscale spherlcalmotor wbuld be flred_ The purpose of

this firing would be to evaluate the lightweight nozzle cone as well as the

final igniter design. The grain used in this test would be cast from the

Arcane 42 aluminized propellant and would be modified so as to eliminate

regressive burning characteristics. With the successful firing of this

motor, the 17-inch subscale titanium motors could be fired to determine

the ballistic performance of the beryllium-containlng propellant.

-86-
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PROPELLANT FORMULATIONS AND INGREDIENTS

Arcane 30 contains: 60 percent anTnonium perchlorate (7:3 24-mesh

unground/2TH 6900 rpm grind); 20 percent aluminum (Alcoa 123); and 20 per-

cent JPL polyurethane binder I.

Arcane 38 contains: 67.50 percent an_nonium perchlorate (7:3

24-mesh unground/2TH 6900 rpm grind); 12.50 percent beryllium (Brush "17-

micron"); and 20 percent JPL polyurethane binder.

Arcane 39 contains: 68.55 percent ammonium perchlorate (3:1

24-mesh unground/2TH 6900 rpm grind); 13.45 percent beryllium (Brush "17-

micron"); and 18 percent JPL polyurethane binder.

Arcane 39A is the same as Arcane 39 except that the beryllium

powder is Berylco "low-oxide".

Arcane 39AZ is the same as Arcane 39A except that the ammonium

perchlorate is a 2:2:1 blend of unground 24-mesh; Pacific Engineering

Corporation "-10+48 mesh"; and 2TH 6900 rpm grind.

Arcane 39Y is the same as Arcane 39 except that the ammonium

perchlorate is a 5:2 blend of Pacific "-10+48 mesh" and Pacific "Class I

Spherical".

Arcane 39Z is the same as Arcane 39 except that the a_m_onium

perchlorate is a 2:2:1 blend of unground 24-mesh; Pacific "-10+48"; and

2TH 6900 rpm grind.

iThe 'UPL polyurethane binder" referred to above is a polyurethane binder

of the JPL X-535 type with 2,4-toluene dlisocyanate, polypropylene glycol

2025-I, trimethylol propane, and Alrosperse liP in an equivalents ratio

of 1.05/0.78/0.11/0.11. Nominal catalyst content is 0.472 percent ferric

acetylacetonate. Neozone D (phenyl-8-naphthylamine) is used as an anti-

oxidant in a concentration of 1.2 percent.
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Arcane 40 contains: 67.05 percent ammonium perchlorate (4:1

24-mesh unground/2TH 6900 rpm grind); 14.95 percent beryllium (Brush "17-

micron"); and 18 percent JPL polyurethane binder.

Arcane 40A is the same as Arcane 40 except that the beryllium

powder is Brush "325-mesh".

Arcane 40BX contains: 67.05 percent ammonium perchlorate (2:2:1

24-mesh unground/Pacific "-10+48 mesh"/2TH 6900 rpm grind); 14.95 percent

beryllium (General Astrometals "400-mesh"); and 18 percent JPL polyurethane

binder.

Arcane 40CX is the same as Arcane 40BX except that the beryllium

powder is Brush "17 e 5 micron" (1755).

Arcane 40W is the same as Arcane 40 except that the ammonium

perchlorate is a 3:2 blend of Pacific "-10+48 mesh" and Pacific "Class I

Spherical".

Arcane 40X is the same as Arcane 40 except that the ammonium

perchlorate is a 2:2:1 blend of unground 24-mesh; Pacific "-10+48 mesh";

and 2T_ 6900 rpm grind.

Arcane 40Y is the same as Arcane 40 except that the ammonium

perchlorate is a 5:2 blend of Pacific "-i0+48 mesh" and Pacific "Class I

Spherical ".

Arcane 40Z is the same as Arcane 40 except that the ammonium

perchlorate is a 5:3:1 blend of unground 24-mesh; American Potash and

Chemical Co. "extra large"; and 2TH 6900 rpm grind.

Arcane 42 contains: 57.831 percent ammonium perchlorate (7:3

24-mesh unground/2TH 6900 rpm grind); 24. 169 percent aluminum (Alcoa 123);

and 18 percent JPL polyurethane binder.

Arcane 42X is the same as Arcane 42 except that the anlnonlum

perchlorate is a 2:2:1 blend of unground 24-mesh; Pacific "-10+48 mesh";

and 2TH 6900 rpm grind.
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Arcane 42Z is the same as Arcane 42 except that the anznonium

perchlorate is a 5:2 blend of Pacific "-10+48 mesh" and Pacific "Class I

Spherical".

Arcane 47 contains: 67.83 percent ammonium perchlorate (2:2:1

unEround 24-mesh/Paclfic "-10+48 mesh"/2TH 6900 rpm Erind); 1¢.17 percent

beryllium (Brush "lT-mlcron"); and 18 percent JPL polyurethane binder.
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Stn_narv o_ Compositions and Theoret_;al Performance

Fo_nulations

Composition, wt percent

Binder 20.00 20.00 18.00 18.00

Beryllium - 12.50 13.45 14.95

Aluminum 20.00 - - -

Ammonium Perchlorate 60.00 67.50 68.55 67.05

Flame Temperature, "K 3309 3394 3520 3556

Specific Impulse a, ib-sec/lb 260.7 280.9 281.2 282.4

o_ Arcane Formula_ion_

Arcane Arcane Arcane Arcane Arcane Arcane

30 38 39 4o 42 __3/__

18.00 18.00

- 14.17

24.17

57.83 67.83

3456 3540

261.1 281.9

R4wM_terials and Suppliers

Polypropylene glycol 2025-one .

Hylene T .........

Estane B-5720 (P-2 prepolymer).

Ferric acetylacetonate . .

Trimethylolpropane ....

Neozone D .... . ....

Alrosperse lIP ......

Dioctyl azelate ......

Beryllium powder .....

Aluminu_ powder (Alcoa) .......

Union Carbide, Baltimore, Maryland

DuPont, Wilmington, Delaware

B. F. Goodrich, Cleveland, Ohio

Norac, Asusa, California

Celanese Corp., New York, N.Y.

DuPont, Wilmington, Delaware

Geisy Corp., Yonkers, New York

Jkmry Industries, Cincinnati, Ohio

Brush Beryllium Corp., Cleveland,
Ohio (BBC)

Beryllium CorporatIDn of America,

Hazelton, Pa. (Berylco)

General Aetrometals, Yonkers, N.Y.

Alcoa, Conlhohocken, Pennsylvanla

i , _ , J

aspecific impulse got a chamber pressure of 1000 psi, an axhauot pressure

of 1 atmosphere, and pre-combustion temperature of 20"C, assuming shifting
chemical, thermal, and momentum equilibria throughout expansion of the

combustion product through the rocket nozzle.
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_ _kterials and Suppl$grs (continued)

Ammonium perchlorate ........

DB castor oil ............

Hylene M ..............

Polyethylene glycol 400 .......

LP-3 ................

American Potash, New York, N. Yo

Pacific Engineering, Henderson,

Nevada

Baker Chemical Co., Philipsburg,

New Jersey

DuPont, Wilmington, Delaware

Union Carbide, Baltlmore_ Maryland

Thiokol Chemical Coo, Trenton_

New Jersey
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FACILITIES FOR PROCESSING AND TESTING BERYLLIUM PROPELLANT

Under the sponsorship of the Air Force and the Advanced Research

Projects Agency, Atlantic Research Corporation has evaluated powdered beryl-

lium metal as a high-energy fuel in solid propellants by the fabrication and

static firing of both 10-pound and 50-pound test grains. Because of the high

toxicity of beryllium and its compounds, this work has been carried out in an

isolated propellant-development facility especially designed and constructed

for the purpose. The avoidance of a neighborhood contamination above that

allowed under Atomic Energy Commission recommended standards has required

particular effort in the selection of equipment and me_hods for static-firing

tests. This section discusses the facilities and specialized equipment that

have resulted in the accomplishment of static-firing tests within the stringent

requirements recommended by the Atomic Energy Cormnission. The industrial hy-

giene and alr-pollutlon control program in operation is described in Appendix E.

The high-energy propellant facilities utilize an 80-acre portion of

the Atlantic Research Pine Ridge Plant (Figure B-I). This plant occupies a

588-acre tract in rural Prince William County, Virginia, approximately 35

miles west of Washington, D. C. The terrain is gently rolling and heavily

wooded. Annual rainfall averages over 30 inches and is well distributed

throughout the year. Wind velocities are usually moderate, and periods of

complete calm are rare. Prevailing winds throughout most of the year are

from such directions that areas downwind from the project are largely unin-

habited for distances up to several miles.

These characteristics combine to give the selected site favorable

conditions for atmospheric dilution of stack losses_ low "dustiness" or poten-

tial for resuspenslon of any sedimented dusts or fumes, and an acceptably low

density of neighbors who might be exposed to toxic clouds in the event of a

large-scale accident.
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Except for the problems of industrial hygiene peculiar to working

with powdered beryllium, all propellant processing is straightforward. Oper-

ations during which berylllummlght become airborne are conducted in a two-

man glove box. Propellant mixing is accomplished with a planetary mixer

fitted with a vacuum cover. This equipment is shown in Figure B-2. Motor

casting is carried out by sllt-filllng of the propellant into an evacuated

motor. A mixer and vacuum casting chamber are connected for direct casting

from the mixer. A forced convection, hot-alr oven, provided with controlled-

temperature hot water in flnned-tube heating coils is used for propellant

curing operations. The cured grains are trimmed in the two-man glove box

prior to assembly of the motors.

To conduct safe static-flring tests of beryllium propellants and

avoid contamination of both the in_nedlate vicinity and surrounding areas

farther downwind, it is necessary to cleanse rocket exhaust gases of toxic

materials before release into the atmosphere. At Atlantic Research this is

accomplished by firing the rocket motor into a closed chamber and venting

the fumes through a Pease-Anthony venturi scrubber which removes particulate

matter from the gases before discharge to the atmosphere through a stack. The

following paragraphs discuss the operation of this facility.

Static firing of berylllum-containing solid-propellant grains are

conducted in the large test tunnel shown in Figure B-3. This tunnel, with

a volume of approximately 7_000 cubic feet is composed of a 1-1nch-thlck steel

pressure vessel 8 feet in inside diameter and 140 feet long. An internal

dished head with a 20-inch manhole-flange divides the tunnel into two parts:

a 14-foot-long loading and decontamination chamber, and a firing chamber.

The Pease-Anthony scrubber is connected to the tunnel at the downstream end.

The thrust stand consists of two parallel steel rods, mounted horl-

zontally to a 3-1nch-thlck steel bllnd-flange that is fitted to the 20-inch

manhole-flange of the firing chamber. The rocket motor is mounted on a car-

riage which rides on the horimontal steal rods by means of linear roller bear-

ings. The load cell is mounted directly to the steel blind-flange and attached

V Y
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to the rocket motor through a mono-axial thrust bearing. Alignment of the

rocket motor and load cell is checked periodically. Instrumentation leads

are brought through sealed connectors on the steel blind-flange.

To prevent the instantaneous rate of gas flow into the scrubber

from exceeding demisn limits, there is a valve between the tunnel and the

scrubber. This valve is closed during the firing, and the exhaust gases

are completely contained. After the firing the gases are slowly bled into

the scrubber at a rate such that the scrubber efficiency remains high. To

minimize tunnel pressure buildup, a water-deluge system is used to cool the

rocket motor exhaust gases during the static firing. The water-deluge tank

is on top of the firing tunnel. The deluge tank is charged with about 600

gallons of water, and the space above the water is pressurized to 300 psi S.

Upon opening of a remotely controlled valve at the bottom of the deluge

tank at the moment of firing, the water flows through a distribution pipe

into the rocket exhaust stream in a time interval set (by means of a manual

valve) to coincide approximately with the firing duration of the rocket motor.

In firings of 10-pound grains, the tunnel pressure buildup is normally about

2 psi. In 50-pound motor firings, this pressure buildup is normally about

7 psi. To simulate firings at sea level conditions, the firing tunnel is

normally evacuated slightly prior to firing using the large vacuum pump dis-

cussed subsequently in connection with simulated altitude firings. By this

means, the average tunnel pressure during 10-pound motor firings is maintained

at approximately sea level conditions.

A digital instrumentation system is used for thrust measurements,

while analog records are obtained for both thrust and pressure (Figure B-4).

Thrust is measured with an Alines Model 341D load cell, rocket motor pres-

sure with an Alines Model 311 gage, and tunnel pressure and diffuser tube

pressure with gtatham absolute pressure Sasses ranges of 0 to 2, 0 to 5, and

0 to 25 psia. Precision calibrating resistors are used with a 6-wire cir-

cuitry. The values of the calibrating resistors corresponding to pounds-

force for each load call or to psi for each pressure transducer are obtained

through direct calibration aBainst National Bureau of Standards calibrated

/ r#
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weights. The gages are recalibrated at routine intervals. Immediately be-

fore and after each firing, the calibration resistors are switched into the

circuit to provide reference points. Four calibration values are normally

used corresponding to 25, 50, 75, and I00 percent of full scale for the range

of the particular gage. For vacuum firings, pre-firing conditions are ob-

tained with manometers or McLeod gages. To prevent pressure fluctuations in

the tunnel from affecting the output of the load cells, vented load cells

are used.

The 150-pound firings were carried out at Atlantic Research Cor-

poration's North Carolina site. Known as Corolla, the site is on the Outer

Banks roughly midway between Virginia Beach, Virginia, and Nags Head, North

Carolina. The location is indicated on the area map in Figure B-5.

Corolla stretches for approximately five miles along the Outer Banks.

It is accessible by vehicle, boat, and small plane and is served by electric

power and telephone. The terrain is rolling, seashore dunes largely covered

by grass and trees, punctuated at one-half to one mile intervals by giant

dunes.

Static firing of beryllium-containlng, solid-propellant grains at

the Corolla, North Carolina,site were conducted in open air using prevailing

land to sea breezes to disperse rocket exhaust gases and prevent contamination

of land area. A 12-foot-square concrete pad supports a vertical thrust stand

consisting of a 2-inch steel base plate 42 inches square with a load-cell mount_

ing hole tapped in the center. Three vertical "eye" beams are located equi-

distant from the center on a 20-inch-diameter circle 120 degrees apart.

Flexure mounts placed atop these beams supported the flexures which in turn

prevent the motor from turning in the mount. The motor is fastened in a

harness which connects to a mono-axial thrust bearing mounted on the load cell.

For simulated altitude firings a diffuser tube is placed over the

thrust stand and sealed. The tube is pumped down to the desired initial

vacuum by means of a Kinney K-8 vacuum pump.

B-4
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A di|ital instru-entatlon system Is used for thrust and pressure

musureaents. Analog records are obtained as well.

Thrust is measured by means of an Alinco 341D Vented Load Gel1.

Dr.sure is reassured by means of an Alines 311 or 151-C1 Pressure Transducer.

Each channel is in circuit with an S&B 200F Video Instrument Power Supply,

C|C Model AI 233B Amplifier, Dy_c Nodal 2211 AR Voltap to Frequency Con-

verter, and a Dlswlstt Packard Model 521C& Counter. Analos records are re-

sordid on a l_m£1and Viiicorder.

Diffuser pressure is recorded on analo& from 0 to 5 and 0 to 25

Statham Absolute IDressure OaSes,

Calibrations are carried out as previously described.
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STANDARD OPERATING PROCEDURES FOR

ASSEMBLY OF 17=INCH SPHERICAL MOTOR

Reference: ARC drawings - T6-23914, ED=04-09-38-I, and TD04-09=21-6

A. MOTOR PREPARATION

I. Weight of bare motor is obtained (300 pound scales I - 3 separate

weighings for this and subsequent weighings).

2. Weight obtained after motor is lined with V-44 rubber asbestos.

3. Polyurethane foamed in place and machined. Slots cut in foam

for fins. Motor weighed.

4. Two coats of Stanley primer brushed on V-44 to intersection with

foam (excluding foam). Primer is a mixture of two parts 40X-415

Stanley primer and one part 79R-192 Stanley thinner, both manu-

factured by Stanley Chemical Co. The first coat is allowed to

air dry for I hour. The second coat is applied and cured 2

hours at 50°C.

5. Two coats of PUX-2512 are brushed onto Stanley primer (excluding

foam). Two hundred grams will be used for each coat. The first

coat will be allowed to cure at ambient temperature for a minimum

of 4 hours_: (preferably overnight) before application of the

second coat. The PUX is mixed in the order given in the formu-

lation, then degassed with stirring for _5 minutes. The motor

is then weighed to obtain weight of Stanley primer and PUX-251.

An argon atmosphere is maintained in motor.

IFairbanks-Morse. Weight to nearest 0.01 pound.

2Formulation: PEG 400 9.95% Araldite CN-502 4.98%

LP-3 9.95 Hylene M 29.81
D.B. Castor Oil 45.31

C-I
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To prevent bond of propellant to foam, a coat of epoxy (90 parts

Araldite CN-502 to 10 parts Araldlte HN-951 hardener) is brushed

on ali exposed parts of foam and allowed to cure at ambient

temperature.

Final weight of motor obtained.

ColOr and fins are installed; motor is now ready for casting.

CASTING PROCEDURE

1. Motor is placed in vacuum chamber.

.

.

.

J

Funnel is set up with 3 inch

diameter, 0.060-inch slits or teflon disc. A rubber stopper with

brass rod attached is placed over slits and chamber evacuated to

29-30 inches Hg.

Propellant is poured into funnel and rubber stopper removed. A

blanket of argon is maintained on propellant in funnal at all

times. The level of the propellant in funnel is cloaaly watched

and maintained st a depth no less than 3 Inch6s,_o:ptev_.nt '

blow-through and loss of vacuum.

The motor is filled to a depth measuring 2-5/8 inches below the

inner edge of the V-4A at the collar.

When it appears that this depth is reached, the flow of propellant

is stopped by inserting the rubber stopper on top of the slits

and the vacuum broken with argon. Zf a measurmmnt shows more

propellant is needed, chamber is evacuated (29-30 in Hs) and more

propellant added. This procedure is followed untll correct depth

is obtained.

The mandrel is assembled (Drawing T6-23914) and lowered (manually)

slowly Into the propellant untll the spider can be locked into

place on the collar.

C-2
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GRAIN CURING

I. The grain is cured at 135"F for 120 hours.

.

A record of the cure cycle

is obtained with a Thermo-Electric potentiometer type recorder.

After curing, the grain is cooled overnight to ambient temperature.

GRAIN STRIPPING AND TRIMMING

I. The motor is positioned and attached to the stripping stand in the

cure building, and the mandrel pulled remotely with a Black Hawk

hydraulic unit.

2. The collar is removed, the web of propellant between the fins and

core is cut away and the fins ramoved.

3. Any propellant alan& the top edse of the foam is trimmed away

(accordin6 to Drawln$ ED-04-09-38-1).

4, The slots in the beveled edge of V-44 are filled with cured V-44

bonded with Goodyear Pli_bond.

5. A loaded motor weight £| obtained.

6. The foam i| cut Jvay exposing the pressure tap(l).

7. Motor re-weighed.

FINAL A8 8EMILLY

.

2.

,

4.

The nonle and igniter is a|eemblad (Drawing ED 04-09-38-i),

The noesle, without O-rinl, is lowered into position to check

fit and then extracted.

The O-rin| is installed and coated with Dow-Corning Vacuum grease.

The noe|le i| installed and each nut torqued to 150 in/lb.

C-3
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Data for the uiniuun velKht des/an of the 36 inch spherical case

is derived frou the desisn_ fabrlcation_ and hydrostatic test of the
17 inch experhnencel spherlcal case.

The vall thickness ttttt of the spherical part of the case Is given
unambiguously by the conventional;

Where 4"H- Houbrane DasLsn Stress.

For weight considerations then it is desirable to reduce to a

minimum the flange profile_ whose dimensions prhnarily depend on screv
thread diameter and thread length. Studs are chosen in preference to
re,_oveable bolts because of further possible reduction in flange length.

The stud diameter is determined by pruducibiltty of a ainimm dia-

meter tapped hole in the Titanium £1anse.

The internal bending mouent 040) and shear force (Qo) at the seo-
metrical discontinuity of the sphere - flange Joint are found by the
method of consistency of deformations.

The stress limit (d'L) requires a local increase in the shell thick-
ness (to) such that_

PR 6Ho d. 6" L÷ -

The edge m_nent 040) decays along the meridian as

Hv" }40 exp (-A_)

with good approximation where _ is the meridional angle from the edge
of the Joint and _ is the shell perameter.

12 ]1/4
- ( 3(1- v2)

&ccordinslyp the _ is found so that
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vhere t is the basic shell membrane thickness,

The motor is to operate e_£ectLvely at a short tLam elevated
temperature (lS0oF) condition. Thereforej the follovLng strengths
are required of the case naterial,

Kateriall 6AL-4V Titanium Alloy

M:Ln.
H:f.n,

TeneLle Strength at roou teuperature - 170_000 PSZ
Yield Strength at room temperature - 165j000 PSZ
Yield Strength at 150"F - (Short Time Duration) 155;000 PSZ

The design stresses ere; _X = 150;000
L - 155a000,

The motor mexLrmu operating pressure Is 800 PSI.

The design pressure is 1000 PSI.

So the mtninm margin o£ safety - ,25
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Force on studs

F - P TFD 2 = 1000 x 3,14
"-1-- 4

D - 8Cud bolt circle dieter

F - 201s000 1be.

Force per scud usins 36-(1/4") studs

f - 201.000 - 5600 1ha/stud
36

Stress on scuds

_. __ 4 x _oo . 168,ooop,i
.% 3.14 x (.2062) 2

X

d ,, M:ILnor d:Lmmet:ar of thread.A t

SpectfLcatLon:

36ol/4" studs _,de of 416 oteLnless steel heat treated to 6"ult - 190_000.

M.S. - 190,000 . 1 - .13
168_000

Stainless steel Is chosen for 1to comparability with can material.

Stress on threads

I, (r.o.) (u-21 t

t - Thread th/cimsss at P.D.

P .D. - P£tch D:iLameter.

n - Number of threads.

__ 40aO00 (T:l.tsn/.um)
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k7 2 Z_cttve threads.

u-s - ,
3.14 x .228 x .019 x 40p000

• 10.3 _ttreade

n " 13 Threads. UsLnS 20 threads per £nchp there are 24
threads Ln .500 Lnchea.

irLl2_ PP._I_ FOR &SSI_LY ]_CTI(X_

The uLn_uls flAtnSe leuSth_ deteruLned by stud thread leugth_ Ls
0.50 inch.

Zhe fl_uq;e face should be eve tLmss the sl:ud dLaneter. So the
face Ls 0.50 Lnch.

The uudrel sLea deteruLaos the sLea of the Lnstda dLmsster of
the fl.snSe as scaled up frou the 17" uotor

d- 17"0 x 7.061 + .708
36

d - 15.66 £n,
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The stud nccenCtLcLty (d) v£th ehn centerline of the fhm8e
can be varLed souevhat and can be chosen to reduce the odse uomsnt
(Mo).

Say - 0625 in, & d d-+.0625

vith poett£ve d as 8hovu in the sketch. An LnvestLption shin
that v£th d chosen as .0625 the ulntaun ed6e uwuent 04o) occuree.
Qhf. pale 13)

T- _ee'zooo x xp . 9none/in.
2 2

T1 - "r'.Cos _ - 7963

T2 - T.S£n_ - 9000 x .462 - 4156 _/in.

sT2 - .25 z 6156 - 1078 _/Ln

F.d - 235 #Ln/Ln.

_V'm .30

- 2_.50

'_ - JoLnt AnlXe

- 81H -1

X " 18.0 £n.

t - .06 t11.

" 180 ° "" " 152,50

Sin 4) -, ,46175

Cot _ --1,92!

Cos _) " 088701

- 1.285V'_ " 22.26

K1 - I +_ cot_
2 4

K1 ,, 1.017

- z + (z + 2_') cotE2
2

K2 ° 1,069

£ 3.q

8 zq

gm

# lq . sm
I_ +

* Kefsrnnce I

- A lOtS 26 alL* lllbl)' , _z .46L752

It l z .06

, 2780
T

. _ . 2z 22.262 z .d14175 .

l t It1 i .06 i 1.017 l

I I

rqe 271

(1.017 + .935)
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a).H . 4 _.3 . 4 X 22,.263 e 40.169
g t I I[1 | .06 z 18 z 1,017 |

W2p
, 735 FI 2 S_ , .35 x 1000 z 182 z

i| ii i I

lg t I z ,06

.46175

872.700

W2p i II

r - 8.08 ]_ - _ -.6393

28 " .5
|L - ,3197

][, " ,5

_1 e7.36 _). z_3

.3297 x | x ,63933

_2H
|

. .__ . ,_Sz 1000 x 0,08 ;t
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"_lp "'J_ + s'a_("_2 " r.d)

3826 Qo" 4362 No " 1,957 z 106

-4362 qo + $27111_ - 9.125 x 106

Qo " 1.140 Ho " 511.$

•"qo + 12.084 141o * 2091,9)

10.944 HO " 2603.43

Ho - 237.9

qO " $11,$ + 271,2

qo " 782.7

is contained in every tern of both equations and is divided out.
I I I| II

t o - ActuaZ spherical thicknsss at Joint

PR + 6No ,, 155w000

9000 + _ ,,,. 1..qSwO00
tO %-
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A check on the method of analysis and on the des£Sn criterLa
is provided by the stress results obtained form the hydrostatic
pressure test of the 17 Inch expert:ental case. These results
ere shown in the Atlantic Research Corporation 8trui Results Is-
port (aR 205). The predicted stresses compare quite favorably
vlth the measured stresses at 1000 p81 pressure.

Another check on the applicability of the mthod vu provided
by an a_alys£s of data frou a destructive pressure test on a 4
Inch spherical head st the Airlte Corporation. The Vessel vu
analys6d using the sm_ theory on the thin wall Jolnt. The fail-
ure occurred exactly where the theory located maximum mouente
because of edge shears an& moments away from the Joint.
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uM • Membrane 8tren
p m PrOoOuzl

t - W811 ThLclu_ss

HaCerLals 150 RPD

_'ult - 26,000 Ln compresiLou **

(_'H - 20_000

1000 x 7.83
m ....

20p000 x .94

t - .416 Ln

!(o8- 26000
20000

-10 .3

4"air (in t,aJ /on) **: = 6850 pot (Kin.),

MtntLunm vslue of _" for nozzle used for cslculattn 8 t.

** Ro2. itaybesto8 -l_nhattan_ Zne,

* Ref. Itoark Pap 168
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LOAD8 ON IDEALT_ED BODTES

e , . e e,

i e .e t

DXI4_qSZONS AND EXTERNAL LOADS

BODY !

R1 - 7.20 in

t I - .50 in

L1 - 7.0 Ln

TIA - 3600 lb/tn

VIA - 1310 lb/tn

p]. - lOO0 pJi

BODY 2

R2 - 7.43 in.

t 2 - .80 £n.

= .o5 t..
T2A - 3715 lb/Lu.

T2B - 3715 lb/Ln.

172 -- 1000 pal

BO_ 3

R3 - 7.30 :l.n

C3 - .70 in

L3 - .20 tn

T:3B " 3650 lb/tn

T3C - 365O lb/£n

P3 " 1000 pet

it4 - 7.50 Ln. t

t4 - .70 in.

- .23 in.

T4C - 3560 lb/ias.

" 34,oXb/tn.
IP4 - Opst

n I . u
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CHK:_

J ._ .L. 140TOR
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NOZZLE

_L ---.

_TIK

_8/16/62 ,

PAQE 18

oF 45

The lnfl_tnco coefftcie_ts_ the ll_aruatrix reeulttn8 fron the
discontinu£ty theor_xt the £nter_Jlu_Nn_S and shear forcesp and _ha
stress at each JoLnt were calcutated on en electronic computer. Ouly
the necessary results are Included.

Younli's Hodulue _) - 1.87 x 106

Polesoua bt£o (w_ - .23

Lioaar Ms_ri=

=

L--

.00303

.0885

.OO148 .0886

-.0886

0 0

.0885

.0354

- 000148 -.0886

i

0

0 0

E

32.786

3116.1

0

- .03.%

J

.00377

-.0825

-.0825

.0360

.00041 - ,00611

.00611 - .0611

.00156 - .00123

L ---,

.1034-.001230 o .00611

.00611

- .0611

nrrtlu_L aOt_q_ Am) _ YOn_$

32.905

_0.1316.1

4.132

36.237

O_ - -316.4 ql_ " -283

- t315 US - 938.7

QC - "217.3

MC m 679
i m
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8/16/62

PAQ_

o J,,- 45

i i i,

D_le_C_SANDR_A_$

BODY

2

3

4

.O485

.05577

i

.O5369

i | i i Jl

,04541

DEFLECTION

RIGHT SIDE
w, ,

.05577

.O4541

i

.03588

ROTATIC_

LEFT $T/)E
i ,l

0

i

.04142

.041428

.o41428

ROT&TICH

RICHT 8ZDB

.04142

.041428

.041428

.041428

BODY

2

3

0

-324

m±, • :

6158

4 5678

_RIDI_AL STRESS (Sl) IN PSI.

ii _ i | I ,|H i _

Sl (nqsz.s) sI '(mTSmZ)

LEFT SIDE _ SIDE
i |

0

,, • , , m

-8965

l H ii ,

-16_590

-15850

Sl (nqsDz)

RIGHT STDE
i i, , |

-324

Sl ((X_TSIDE)

RIGHT SIDE

5549

5584

-8823

-15_980

-15360

_IN 0f SAFETY:

Toni ion. l,f . 8 . -.-...6850 - 1 = .11
6158

Comp_olon 26.000 01 e .57
!(. | " 16j590
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i

novY s3

1

2

3

4

compros • ton

J.]P,L, 14_

I i

IKIlnl

il i i ii _ i

1o_ ms _s) nt. esz.

(znzns)
LE]rT ST.IZ

-15,350

-14s 110

m

-1|tllO

-|;630

s 2 (ouTszns)
LILTr SIDE

-],5p350

-16_380

-17p900

*lAp010

X. I - S6aO00
17p900

DAYI

0/16/63

pAO! 20

ol,_ 45

ss (za_De)
IL_GIlT 8"r_IZ

•-14_120

I I I

-13t630

i

-10,250

I I 1 I

-7550

s2 ((x_si_)
I_CHT 8XDE

|m

-16,280

-15,720

-15s630.

"1217_)

" I " .4.5
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ii

NaZZLE

RETAINING FIJ_GE AND COtE.

DATE

e/z6/6:
PA61L_J_

o_.. 4.5.

| ,.

w

1 - MOTOR CASE

2 - RETAINING FLkNGE AND CONE

3 - INTERNAL CONE

4 - $I_D AND HUT

5 - EXTERNAL COtE

l i ,

ACTUAL DIMENSIONS

70651t

1

.5

Tit:aniun

YieLd o 125_000 PSI
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WOZZIJ

i I i ul I i

R1 R2 R3

t

ZI_.AL.TZED BOO'r'_8

!1
A

qA ' %

BODY l

Rl - 7.98

L1 m .25

t:1 - .70

LQAD8 GH ZImALZZED BGD1Z8.
i j

3

t 2 o .175

R3 "

L3 "

t 3 -

DATE

PAP 33

o_ _5
I | ii I HI

BODY 3

8.65

.50

.03
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8/16/62

" PA4Im 23

cw 45

eii

T

a

BODY 1

He ,, F • d + T o e

T - I'..RR 1000 x 7,83
2 2

F

- 3915 lb/|.n

- 3915 x 7_83 , 377..5 lb/in
8,14

d ,, .0625 a - .342

Mo - 3775 x .0625 + 391.5 x .342

Ms " 604 + 1337

]_ - 1941 in lblin

The Joints are analysed uein8 discontinuity theory. The influence

coefficients_ llnssrmatrlx_ unkummuoment8 and shear force8_ and Itresl

verecouputated on the electronic computer, Only the necessary results

are here presented.

Youns's 14onduLus = 16 x tO6 Pal

PoLseonee J_tLo - .32
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J.P .L. MOTOR
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N(_ZLE

, i nl : J

DATE

PAO[ 24

or., 45

J,

.000152

- .00C47_,

J

.000_2576 !

- ,00004902

i

- .0004744

.004511

.00004902

- .00005378

i Ill •

Q.
ii

.00002576

ii i i

.00004902

im i i

.001337

|

.003992

ii i

- .00004902

ii i |l

- .00005378

.003992

i

.01969

[

i i

1,0595

i J

-8.4757

0

0

M_S _ m rCECZS.

i

= 161o.2

MA " -1710,7

- 85.25

MB "- -17.94

I_FLECTXOH AriD REOTATZOH.

, I i | •

-.0525

",02077

3 +,0359

Deflect/on Ln inches

ILorAtLon £n radLano

DElr[ZCTIm
ILTOE2 S)]Z

- ,02077

i Ellg I I

+.0359

il J, i ,

+.0U4

]to_1'zm
IIZDE

.1268

m IRI

.1268

i i

.00438

It(Yr.AI"J[OH

ItZolrgSl[l)Z
in i

.u6#
i

.00438

- .0624
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3,P ,L, MOTOR

i

NUZZLE

_RIDIOHAL STRESS (St)

BODY

2

ii

3

sI (iNsz_)
LEFT SIDE

sI (otrrsms)
LEFT SIDE

23;767

I001500

sz (zNsIDs)
RIGHT SIDE

-23;767

j i

- 100; 500

ii I

-119;000 llgpO00

-20;947

i, m |

-119t000

i

0

BODY

2

,, J i

3

in

HOOP STRESS

s2 (n_SXDE)
LEFT SIDE

i

-112;B05

-105# 140

28# 140
i

(S2)

. , i i e

s2 (ob"rsIDz)s2 (1.sIDE)
LEFT _rZDE RIGHT SIDE

-97; 594 -481350

10Ae686

28; 140

23;007

x. S -_- 1 - .05
119s000

DATE

8/15152

PAGI_._._

or, 45

i ,i ,

s1 (ovzsrm)
RIGHT SIDE

20;947

ii L

119;000

0

s2 (ob-rsu_)
BIGHT 8IDE

-34;945

i i

104;686

ii

23_007
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DA_
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Op- 44

t

St_SCALE TEST

One Zul was tested to give stress dace for full scala design.
SpecificaUy_ the stress caused in the motor case by the loaded
lug WaS lOUSht. Design requirements call for this cane jtlFajj 8:o

be less than 5000 psi. The test lugs are o£ the following dim-
ens ions :

[_ad applied
at this point

.50 D

3.70 D

\

2.95 D /

All diaensions tu
inches uuisss noted,
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CHK:

J.P .L. MOTOR

i j i i a| e i

&TTA_ LUGS

_qlZ

p_ 27

m, M

J e

SUBSCALE TEST

The subscsle (test) load was taken as I/4 st the full scale load.

This ratio yes taken from the followins load/nE condition on • sphma.*

7

I._--ro --4. 41--ro --_

llIlll, IIIII

F - total Force

Membrane Stress:

8 1 = S2 " Bt"_

hndLnS Stress t

,_ . ,_ . c_

* bferences Itoatk Pap 273
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DAIlE

e/x6/6:

pAe: :8

as,., 45

SUB SCALE TRST

B end C are nearly linearly dependent on the parameter St o

The purpose of the test is to sLuulate actual stress conditions

in the c, me 0 therefore the case stress in the subscalo should equal

the case stress in the full scale. If a and C are kept equal tot

both the subscale and the full scale_ then the |tresses rill vary

only in the proportion of the tans Fit 3. To keep the B and C of the

two cases equal_ the Br o of the sukecale (Brae) has to equal the 8 _o

of the full scale (]lrop),

The subscript | stands for subscsle.

The subscript p stands for full scale.

B__ . ,rap , - 1

rap - :o, [KI_ ]l/=
bts

rap - re, [_ 31/2
17 x .03
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CHK:

J.P .L. MOTOR

|,, nl

ATTACHNEt_ LUGS

SUBSCAIX TEST

rop " 2 to|

t, 2 ,03 )2- C.o - 1/4

FO " .25 Yp

FULL SCALE LO_D

rp (Total) . 1500.._.._#
8

X 10 g - 15pO00#

15.000# . 5000 #/LuS
3 Luss

SUBSCAI.B LOAD

F. - (.25) (5ooo) = z25o #/Lus.

stmS...CALE._s: X_SUL_S

Location of strain pqeo

Caup B burned out: durln8 balam:Lul|.

DATE

, s/16/sz
PAOR 29

or, 45,
i

All sausae
parallel to
load lint,
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3 .P .L . MOTOR

ATTA_T LUGS

DATE

8116162

PAo,,' 30

or, 45

SUBSCALE TEST RESULTS

GAU(Z WALL THI(2a_'ISS
i

A .033 inches

B .032

C .0325

D .032

C- sM
1-1r

m Stress

E - Hodulus of Elasticity

If " Poisson's Patio

_4 " Reasured Strain

Z - 25.715 x 106 psi
1 -1/

This vaINe vas determined in the static pressure test of a sub-
scale (Titanium) motor.

L_D

25O #

5OO

75O

1000

1250

i i i

UA

STK

|

t93e lint

294o
I

5ttO
!

7070
i i

6030

C(18 rtJ:

:S8

GAIJ_ C

1285 psi

,
900
ii

-Z030

-2940

ED

CAUCK D

1030 ps i

1805

2440

294O

3990
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J.P.L MOTOR

ATTAC_NT LUGS

AI_LYSI8 OF COh'ICAL LOG.*

(Subscale)

M

I

•. - ._÷i +-L .-5
coil

_80 (Roop) - j-_

tqe - 0

M " ATf cos_-s£u_

P - B'N co8 2,4

7 - c_a£. 2<

*laferencet JIUSS8 rJqs

DATE

PAGE 31

m, 45

i



J.P.L. N0?C8

ATTA_ LU08

ANALYSIS (Cont:/.nued)

(Subscale)

P

P " _:* cos • - 1132#

• n f* sLn , - $27#

N -. 1132 z .5 - 566 Ln#

566
A ,, :3.14 z .707 z .707 ., 361

B - __.._-_ . 168

Ns. 1._68 + _+• • ,7"_7 s_

NsO . '892s + s_

8/16/62

PASt 32



3oP.L. MOT(3P.

ATTAC_RNT LUGS

ANALYSZ8 (Cont:l.nued) (Subecale)

/

25*

.826

2.20

DATE

Point: 1 £s at: veld o2 cone to end,,

Point: 2 £e at: _ld of cone to hue.

At:

1662

At: 2

Ne
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3.P .L. H(Yt(I

ATT..qCll_'NT LUGS

i

ANALYSZS (ContLnued)

(gubacale)

8trees at I

6"e u He m 1662
_-- _ o 33_100 IP|I

6"sO . Ns__OOt" ._029 - 10_600 PSI

Stress at 2

¢,- 488
.05 - 9760 P8Z

d'eO " "_ - 1500 PSI
.05

Yield Stress of Alum:l.num (615-T6) used £8 36o000 P_J[*

Zf t' Ls increased to 1365 (Failure)

_'s - 36_100 ?SZ

Jtmference8 &IIC - 5

I_TB

; PAIIIr_.I___

oe 45

i i
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J,P,L, MOTOR

i |

ATT,ACH_NT LI3GS

DATE

pAo,,
ol, 45

i

DESZGN (_ FULL SCALE LUGS,

f = 5000#

P - 5000 x .907 - 4530#

F - 5000 x ,423 - 2110#

M = 4530 x .2 = 905 in#

9O5
A - 3.14 x .707 x .707 - 576

453O
J

B - 3.'14 x ;707 'l - 2760

C - 2110 = 672
3.'14 x 1.0

Ha 672 + 2760 + 1 576"-;- , .767 x

576
asO =

lqs . .--.--3432+s

UsLnll Titenlum and a miucimmu etreso of 150s000 P"£s r.he wall
thLckness of the conical lu$ should decrease from the top to the
base.
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PAOf 36
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DESIGN (Continued)

Top _ ,

J

I 8

o.

STATION

3
_, ,, = ,

4
,,,, ,

5
in,

6

7

S

.71
, ,1

,,x,;,0
1,5

i

2,0
l

3,,0

4,0

S,O
i i

5,65

Ni
1

6465

4247

2647
i

1918

1232

910

729

6_12

Hs 0
i i ,i

1150

576

256

36

23
i |

18

t*

.043 in

.029

.018

,013

.009

.007

o005

.0045

IIII
I: m u.

d"
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DATI
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J
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¢-_ .

II.II. " _ " ! " 4,1

29_400 It81
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i e i i lel

A2"TA(:_HZHT LUG8

ii

I OATIK,8/16,/6Z,
-'- _PAo= 38

Ira,, 43
I mR I

Design (continued)

The orl|inal design criteria tailed for rop - 2 roe.

Since ierosse, were l._ too high the base area shoutd ba

increased. An increase in base area by • factor of I._

vou_d increase the top by I._9. Therefore Top = 2.38 toe.

The base dimensions vould be the relieving.

I
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APPENDIX

DATE

s/16/62

" pAO_ 39

ov 45

J I I I I

Roerk, R.J.; Formulas for Stress and Strain; Third Kdition;
Nev Yorke 195_.

Flues e, W.; Stresses In Shells; BerLin, l_O.

ANC-5; StrenBth of Metal Aircraft Elements; March. 19_5.

Raybestos-Manhattan, Inc. )SannheLm, Pa. Tech Data ILPD*80.
Jan. 1, 1_1.

3ohns, _R.H. and Orange, T.W.; "Theoretical |lutic Stress
Distributions Arisin8 From Discontinuities and Sd|e Loads

In Several Shell-Type Structures". NASA TL 1-103. 1961
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4.V

÷0
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_fft'tl

: PAII*_
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APPENDIX

17 INCH MOTOR

aAqlZ

_Aem 41,,

c.,, 45
i|

R

n=8._
t8 = .03
t = ._37_

L = .312
r ,, 1_.219
d . .0_5
tj = .III

ItXF, ARC

NO.

SK 5"_3861

®

Losd8 On ldesLLzod BodLu



J.7.L. t4OT_

k,mml)ZX

e • i t i
i

O_TR

pAOne 62

OwL 45
IN t

I

8?DltZCkL ZNYLU_Cl C08/1r_¢13_:8

I " 8.5
t " .03
,,_ " 31.4
4) - 100 " 3],.4 " 148.6

81n4_" .521
Coo 0" .854
Cot: _- -1.658

m 1285_ - 21,63

I + £_-z_') ¢o_&
2_

1,0152

!_2 - t.0609

21t63 x 8_5 x _,5:_12 x 1.957 ., _s_
flQ " | x .03

m " _IQ " _,,l.otsz

33. .

._p ,_sx _o_ • s,sZI ,s21 . _3.:1," I ,03

-4250 z .52t ', 2;t14

,, _250 z .856 ,, 3630

sT 2 - .1188z 2at4 " 4gO
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AYPE_DIX

EORT CYLZNDER COEFFICIENTS

1_285 , - .946
r - 4.219 B " --_..._._IQ

m_375x

t - .4375

BL = .946 x .312 - .295
L - .312

1 _ . lO9; _ .
D " EtJ E x .4375 _ g

E aq - __I x 13o.+ = 5_
°295 (.946)3 g g

I+5

(.946}

. 2512

g

_ 3 13o.4= (.295)3 x .946 E " E

= +85 x 1,000 x {4.219) 2
w2p s i .43_5 "

341580
g

PR12 1000 x 42

" _ " 2 x 4.25 - 1882

F.d = 1882 x .0625 - 117.6

DATI

PA@I_ _

o_ 45
i i
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DATlt

o,, 45
m

USZI_ EQUATIONS Dg]UL_ID FOR 36 INCH CASE

f_ (at2 -r.d) .. _2qTl

( b 2q - #m) qo + (_m + "_ _ - _"_ (,,T2- r.d) -_q 'rI

3777 Qo " 13_488No - 551s740

"13t 488 Qo ÷ 172_460 lqo w 5_322_000

Qo " 3.571 Y,o - 146

"Qo + 12.786 Ho - 395

9.215 Xo - 541

- 58.7

qo " 356

I

I_ + 6 Ko . 147s000

-_ ÷ _ - 147.000

147 t 2 + 4.25 t + .352 - 0

t " ,07 J.n
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APPEN'D_[X

6H
- 5000 at t - .03

g_ m .75

-_
14o'£ " g (Dulp fo_ula)

exp(-').W' ) . ,75 .01297
58.7

_.._d" . 4.35

21.63

" .201 x 57.35 " 11.5"

DATi_

PAO: 45

m,- 45



ATLANTIC NIlltANCH I'ONPONATION

ALSNAN Olil U4, VI Illl I N IA

APPBNDIX B

INDU|Tt, IAL I_GZBH AND AIR POLLUTION CONTROL



AYLANTIC _EII|AAPH f'OIIPORA?ION

ALtXAN OMIA_ VlRilN IA ARC- SR- 2 3A1

_NDUSTRIAL HYGIENE AND AIR POLLUTION CONTROL

It was thought that a review of the complete industrial-hygiene and

aim pollution control program in effect at that part of the Pine Ridge Experi-

ment Station devoted to work with beryllium would be more meaningful than

coverage of only the portion related directly to the work of this contract.

Accordingly, this section describes and gives the results of the entire program°

PROGRAMS AND PROCEDURES

Medic_l Standards and Controls

Physical fitness requirements and medical surveillance standards

adopted for the protection of personnel assigned to this program were described
1

previously. A scheduled annual re-examlnation and X-ray checks show no evi-

dence of health injury related to beryllium exposure, in any project employee°
2

In addition to the medical history records, a weekly weight record for each

project employee has been instituted.

Industrial Hygiene Standards

The industrial hygiene standards adhered to during this project are

those promulgated by the Advisory Committee of the United States Atomic Energy

Commission in 1949. They provide that: (I) in-plant atmospheric concentrations

IAtlantic Research Corporation, Annual Technical Sun_nary Report, July i,

1959 through June 30, 1960. Contract AF 33(616)-6623, Project No. 3059,

Task No. 30312, ARPA Order No. 24-59, Task 4, September 1960. CONFIDENTIAL.

2Atlantic Research Corporation, Annual Technical Stmmmry Report, July i,

1960 through June 30, 1961. Contract AF 33(616)-6623, Project No. 3059,

Task No. 30312, ARPA Order No. 24-60, Task 4, September 1961. CONFIDENTIAL.

E-I
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ALIr XAN OltlA, VI Nlll N iA ARC- SR-23A1

of beryllium should not exceed 2 _gm/m 3 as an average concentration through-

out an 8-hour day; (2) even though the daily average exposure is no more

than 2 _gm/m 3, no personnel should be exposed to a concentration greater than

25 _gm/m 3 for any period of time, however short; and (3) in the neighborhood

of a plant handling beryllium compounds, the average monthly concentrations

should not exceed 0.01 _gm/m 3.

Ai_-pollution Control Devices

described.

Air-pollution control devices were the same as those already
i

1

Uniform6 and Safg_y Eouimment

Uniforms and safety equipment during this contract were essentially

the same as those used previously. However, the Wilson #809 Respirator with

R520 super filters supplied by the Wilson Product Division of Ray-O-Vac Company,

Reading, Pennsylvania, was adopted for routine respiratory protection. The face

piece of this mask is made of softer rubber than that in the American Optical

respirator previously used and personnel found it both more comfortable and to

provide better fit over a wider range of facial contours than the masks it

replaced. Furthermore, with this respirator, the wearer may quickly check

for the adequacy of face-piece fit by occluding the inlet holes to the respi-

rator cartridge, a maneuver not possible with the American Optical respirator.

Beryllium-Contaminated Trash Disposal

An incinerator for burning beryllium-contaminated trash and waste

beryllium propellant was installed in the large firing chamber. The incin-

erator consists of a steel trough 30 inches wide by 5 feet long with a

1Ibid.
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kerosene-fueled blast burner (Blackwell TD-IO-XS) mounted on the upstream

end of the trough to (I) evaporate the water with which some batches of trash

are inserted and (2) ignite the wastes. The incinerator is fed remotely

through a chute located in the side of the firing tunnel. When operating

with water-saturated wastes, the capacity of the incinerator is approximately

one 30-gallon drum of waste per hour. During operation, the combustion air

enters the firing chamber through the thrust-stand end of the chamber and is

exhausted through the Pease-Anthony Scrubber to the atmosphere. The large

volume (approximately 7,000 cuft) within the chamber is sufficient to absorb

any surges in gas evolution as a result of detonation of chunks of waste pro-

pellant or ignition of solvent vapors without the exhaust products surging out

through the air inlet.

MonitorinK Program

Air and gas samples were collected routinely to evaluate process

operation, industrial-hygiene hazards, and air-pollution control efficiency°

i
The system used for classification of these samples has been reported previously

and is followed in the report of analytical results in this section. Within

each class of sample, the sampling rate was maintained uniform from sample to

sample so that a volume weighting of a number of samples also results in a time-

weighted average.

The high-volume samplers previously used as perimeter samplers were

replaced by a positive-displacement sampling train. This sampling train con-

sists of a laboratory-designed filter support fitted with an ll-cm Whatman

No. 41 filter paper, a posltive-displacement Sprague Model 240 dry gas meter

equipped with suction gauge and thermometer, and a 5-cfm Bell and Gossett oil-

less vacuum pump. A running-time meter in parallel with the vacuum-pump motor

permits recognition of any interruption in power supply to the device and the

i Ibid.
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duration of such interruption. These samplers have proved to be much more

reliable, and precise for sample volume indication, and maintenance problems

have been greatly decreased as compared with the samplers previously used.

Surface wipe samples were collected routinely through the early part

of the program (I) to evaluate the adequacy of clean-up and housekeeping

operations in areas where beryllium was handled and (2) to detect and quanti-

tate any dissemination of beryllium by foot traffic and/or dust fall. Samples

were collected by scrubbing a measured area of the surface under investigation

with filter paper or cellulose wipes wet with distilled water. Surface wipe

sampling, however, was discontinued as the experience of the technical per-

sonnel increased and regularly scheduled clean-up of all areas was considered

adequate.

The results of the industrial-hygiene monitoring program are shown

in Tables I and II.

It is to be stressed that the values presented in these tables are

not to be considered average values for the site. To economize on sampling

and analytical time and cost without sacrificing sensitivity in our ability

to detect deteriorating or unsatisfactory operating conditions, major emphasis

was placed on sampling the potentially troublesome areas. Areas which, on the

basis of past experience were known to have consistently low levels of beryl-

lium contamination, were sampled only rarely. Many of the high levels reported

occurred as a result of a series of trash fires in the hot-trash waste dis-

posal cans in the beryllium propellant laboratory. On each such occasion, a

large number of samples were taken during and immediately after the event to

provide guidance in decontamination and clean-up and to provide good histori-

cal coverage.

Analytic_l Techniques

The "ZENIA" colorimetric procedure described in the second Atlantic

Research Corporation Annual Technical Suammry Report, I has been replaced by

llbi.d.
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a modification of the Owens and Yoe colorimetric method. A number of im-

provements have been made in adapting this procedure to the requirements of the

project. A detailed analytical technique is presented in Appendix F of the
I

third Atlantic Research Corporation Annual Technical Summary Report. Chief

problems encountered with this procedure have been pH control_ positive inter-

ferences from other metals, and cross-contamination from adsorption of beryl-

lium on analytical glassware. The latter problem is still not solved and is

temporarily being met by discarding glassware contaminated by high-beryllium-

level samples.

Late delivery, mechanical and electronic difficulties, and the un-

availability of adequate calibration standards prevented the use of the National

Spectrographic Laboratory Beryllium Monitor for routine industrial-hygiene con-

trol and monitoring. A more detailed discussion of the difficulties experienced

with this instrument and a tentative evaluation of the limitations and capa-

bilities of the instrument are separately presented in Appendix F of the third

Atlantic Research Corporation Annual Technical Summary Report.

SPECIAL PROBLEMS

The number and variety of beryllium-using projects being carried out

has led to an increase in the number of individuals handling powdered beryl-

lium. As a consequence, the quality of industrial-hygiene discipline has,

at times, been lower than is attainable with a crew of long experience° In-

tensified industrial-hygiene monitoring was used during training periods, and

it is under such circumstances that many of the high wipe-sample readings were

obtained. In all cases, it was possible to reduce indicated high levels to

normal, acceptable values by an intensified effort to tighten housekeeping and

clean-up procedures.

IAtlantic Research Corporatio_ Annual Technical Summary Report_ July I, 1961,

through June 30, 1962, Contract AF 33(616)-6623, Project No. 3059, Task

No. 30312, ARPA Order No. 24 Amendment 38, September 1962. CONFIDENTIAL
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The replacement of a plastic-film glove box by a rigid-walled glove

box with more adequate and easily operated seals and pass-through ports sub-

stantially lowered the incidence of high readings in the area of the box.

The trash-can fires previously referred to were apparently initiated

by exothermic reaction of waste propellant ingredients from developmental work.

In all such instances, personnel involved were either wearing respirators or

donned them immediately. Exposures of unprotected personnel to concentrations

above the acceptable tolerances were not experienced. In the instance of a

spill of beryllium powder, which was the cause of the highest reading of the

year for air samples in the process areas, the operator was wearing a respi-

rator. This incident indicates the value of the standard operating procedure

of wearing respirators when hand-carrying powdered beryllium, whether in a

closed container or not.

The fires and the spill occurred in areas which were easily isolated

with no danger of significant contamination to other areas. Samples taken

during these occurrences showed a rapid decay in airborne beryllium concen-

trations, and clean-up in the areas was accomplished quickly. Respiratory

protective equipment was used during such clean-up.
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